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SECTION 1.

INTRODUCTION

The subject of this program is evaluation of the durability and damage

tolerance of bismaleimide (BMI) composites. BMI resin systems have been

developed for structural applications in 350*F to 450 0F environments. This

represents an improvement over epoxy resin capability of approximately 100*F.

First generation BMI resins achieved the increased temperature capability at

the expense of toughness. Figure 1 shows C-scans of low-velocity impact

damage in two panels of identical geometry. The first panel is made with

3501-6 epoxy resin and the second one is made with V378A BMI resin. Both

panels were impacted with similar energy levels at similar locations. The

predominance of damage (indicated by unshaded area) in the BMI panel compared
*1 tl damage in the epoxy panel illustrates the inferior toughness of the

BMI resin. Second generation BMI resins have been developed to improve

toughness while retaining the high temperature capability. The improvement

is illustrated i-, Figure 2 where a decrease in damage is evident in the panel

ma$i with second generation BMI 3100 (compared to the panel made with the

first generation £1I V378A). In this program we experimentally evaluated two

second generation BHI systems.

In Task I of the program we surveyed candidate material systems and

chose IM6/3100 and IM6/465C for evaluation. The IM6 intermediate modulus

fiber system was chosen as the common fiber for both material systems. A

common fiber was chosen so that differences in performance could be attri-

buted to the lMI resin. Thu high strength and stiffness of the IM6 fiber are

properties that are import-,,t for future fighter designs. The resin systems

were chosen for their superior toughness/temperature characteristics. The

3100 resin produced by American Cyanamid was credited as having superior

toughness. The 7650 resin produced by Hexcel was credited as having superior

temperature capability. Evaluation of both systems allowed an assessment of

the relative importance of the contradictory prcierties of toughness and

temperature capability.
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In Task II basic material properties were determined. The data included

moisture absorption, glass transition temperature, thermal spike susceptibil-

ity, lamina properties, and interlaminar fracture toughness test results.

Moisture absorption and glass transition temperature data were used to define

elevated temperature/wet conditions for testing that followed. Lamina

properties and fracture toughness test data were used to correlate laminate

behavior exhibited in Task III.

In Task III' laminate structural characterizations of IM6/3100 and

IM6/F650 were completed. Tests were performed on coupons that represented

configurations found in typical aircraft designs. Figure 3 shows an advanced

fighter wingbox design that includes a variety of structural configurations.

The mechanically fastened upper skin in the design includes laminates of

different thicknesses, different layups, and different notch conditions. To

evaluate the performance of the two bismaleimide composite systems, specimens

were fabricated and tested in notched and unnotched conditions to represent

design applications shown in Figure 4.

M M ehaniallyFstened Skin

High Modulus L •i•ow Modulus
Sp,,r Laand G I kin B&C

S, (i0/8 (10m;

S• Lower

Glass Rib Land

Buffer StripsStitchling "/ "0t4."

Figure 3. Advanced Fighte' Wtngbox Design
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Figure 4. Representative Task III Test Specimens

In Task IV the better system (IM6/3100) was chosen to fabricate sCif-

fened panels for evaluation of the bismaleimide's durability and damage

tolerance in a structural configuration. Static and fatigue tests were

performed on panels with and without impact damage.

Finally, comments were made as to the applicability of damage tolerance

requirements to bismaleimide composites. Also. recommendations were made for

future efforts in the area of impact damage analysis development.
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SECTION 2.

TASK I: MATERIAL SELECTION

2.1 Assessment Criteria for Carbon/Bismaleimide Properties - Bismaleimide

systems were assessed on the basis of both physical and mechanical proper-

ties. This assessment included:

(a) production status

(b) manufacturing qualities

(c) handling qualities

(d) resin chemistry

(e) physical and mechanical property data at room and elevated

temperature
(f) moisture absorption characteristics

(g) dry and wet glass transition temperatures

(h) solvent resistance

(i) fiber/resin compatibility

The assessment of the physical qualities of the eight resins identified

as applicable to this program is shown in Figure 5. Assessment of suppliers'

resin data shows that wet glass transition temperatures range from 350PF to

450*F. Since different suppliers use different methods to evaluate wet glass

transition temperature there was uncertainty associated with quantitative

comparisons of this characteristic. Therefore, this data was used as a

qualitative indicator of temperature capabilities of the materials in order

to insure that the two resins chosen for the program exhibited characteris-

tics associated with resins from opposite ends of the wet glass transition

temperature range.

Assessment of the mechanical properties identified specific fiber and

resin combinations which were expected to exhibit improved laminate mechan-

ical properties. These include increased strain capability, and improved

damage tolerance (increased toughness) without loss of stiffness or com-

pressive strength over those of earlier carbon/bismaleimide material systems.

The baseline material systems used for comparison included T300/V378A

carbon/bismaleimide and AS/3501-6 carbon/epoxy.
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Criteria Hitco Hltco Rberite Cyanamid Hexcel Clba.Ouigy Aveo NarmtoXV388 XV398C X86 3100 F650 R6451 130B 5250-2

Production Experimental Experimental Experimental Available Available Available Available Available
Status
Manufacturing Acceptable Acceptable Acceptable Acceptable Acceptable Acceptable Acceptable Unacceptable*
Handleability Unknown Unknown Unknown Good Good Unknown Moderate Unknown
Resin Addition Addition Addition Addition Addition Addition Addition Addition
Chemistry
Moisture Unknown Unknown Unknown Epoxy Like Epoxy Like Unknown Unknown Unknown
Absorption
Dry Glass > 650OF > 650OF > 600OF > 600OF > 60OF > 6000F > 600OF > 600OF
Transition
Temperature
Solvent Good Good Good Good Good Good Good Good
Resistance

"Due to extended post-cure

Figure 5. Assessment of Second Generation Blsmalelmide Resins

Selection of two carbon fiber/bismaleimide resin system combinations for

use in Tasks II through IV was performed using a two step procedure for

evaluating constituent fiber and resin properties. The first step of this

procedure utilizes basic resin stiffness and strength properties obtained

from neat resin tests to predict composite performance. Initial resin

modulus, strength, strain to failure and strain energy are key material

assessment parameters.

A graphical representation of the resin categorization procedure is

shown in Figure 6. Strength and moduli axes are normalized with respect to a

baseline maLarial strength, S0, and modulus E0 , respectively. Four para-

meters are used to define upper and lower bounds for the region where overall

composite structural efficiency improvements can be expected. These para-

meters are: normalized resin tensile strength, normalized resin strain

energy, normalized resin strain to failure, and normalized resin modulus.

These normalized resin-related parameters bound the resin properties

which will result in improved laminate transverse strength, transverse

modulus, strain energy (toughness) and global matrix (resin) cracking as

shown in Figure 6.
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Lower bounds for composite material improvement are determined by resin

strength, toughness, and strain-to-failure (Figure 6). Increasing the resin

strength relative to a baseline (S > So) is predicted to increase lamina

transverse strength and intralaminar shear strength. Increasing the resin

strain energy (toughness) increases laminate impact resistance. As compared

to a brittle resin, increases in laminate toughness are shown in Figure 6 by

a lower bound S > So TE/Eo.

Global matrix cracking is controlled by resin strain allowables. Cyclic

loading for laminates above the matrix cracking strain level has been asso-

ciated with rapid decrease in fatigue life (Reference 1). Therefore, compos-

ite durability is predicted to increase for resin systems in which S/E is

greater than S0/E0 (Figure 6).

3
/ ....Area of Overall Improved

/ ~~Laminate Performance •._ •

Transverse Modulus
Improvement

2 Energy -

Straln4o.Flilure (Toughness)
Resin mrvmnImrvet

Strength
Ratio, Transverse Strength

SJS° IImprovement

,00 kofeeellne Matorial

oS(so

2 3

Resin Modulus Ratio, FEo0

Figure 6, Resin Properties Necessary to Improve Laminate Properties,

The upper bound on composite material compressive performance is deter-

mined by resin modulus. Longitudinal compression properties are improved
with higher resin modulus (E > E o) due to greater fiber stabilization.

Potentially large benefits may be geined in tougheess through resin formula-

tions, but at the expense of lower resin stiffness. This results in lower

longitudinal compression strength compared to the baseline material.
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The region where all laminate properties are improved can be expressed

by:

E>E
0

S >S E0~ E
0

as shown in Figure 6.

The second step of the mechanical property assessment procedure involved

evaluation of fiber constituent properties and fiber/resin compatibility.

The next generation fighter aircraft will require fibers with greater stiff-

ness than used in current production aircraft. Intermediate modulus carbon

fiber properties are compared to current fiber and high strain fibers in

Figure 7. Candidate intermediate modulus fibers for evaluation in this

program included Hercules IM-6 and IM-7, Union Carbide T-40, and Hitco Hitex

42. The T-40 fiber was not available in production quantities. The IM-7

fiber was a proprietary system not yet comercially available in other

manufactures' resin systems.

800 I

Stress 6e

T.30C0200 0 MCaU1'w
T% C uti~C81M

1.0 1.6 2.0
Strain - percent

Figure 7. Candidate Carbon Flebr Materials
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The mechanical properties of candidate carbon fibers and bismaleimide

resins were assessed. Mechanical property data that were available for

various fiber/bismaleimide resin combinations for 35 msi and 42 msi modulus

fibers are shown in Figures 8 and 9 respectively. Included in these figures

are baseline T300/V378A data.

Hltco Hlco Ffft Narmo Cyhnamid Hxcud Cba4Whgy Avco
Property V-378A XVSI8 X86 5250-2 3100 F650 R6451 1308

TY30 A8-4 T300 1300 T300 T300 T300 T300

00 Tensile Properties
Strength (ksi) R.T, 230 297 227 - - 251 230 -

350OF 210 281 - - - 181 -

Modulus (msi) R.T. 20.1 19.5 20.4 - - 21.5 19.0 -

350OF 22.1 19.3 - - - 19.0 -

Failure Strain (M1n./in.) R,T, 10.500 13.800 10,800 - - 11.700 - -

350OF 9.800 13,500 - - - - -

00 Flexure Proprtlies
Strenglh (ksi) R.T. 225 - - 292 242 288 280 272

350OF 171 - - 228 208 230 229 266
350OF Wet - - - - 149 153 180 166

Modulus (ml) RT. 17.2 - - 19.0 16.0 18.4 18.0 17.9
35VF 15.6 - - 19.1 17.9 17.9 17,0 17.9
350F Wet - - - - 16.1 17, 17,0 16.7

00 Compressive Properties
Strength (tk) RT, 192 229 245 320 - 238 - -

350F 162 174 1731') - - 181 -, -

35061' Wet - - - - - 130 - -

Modulus (ms.) R.T. 19.8 - - - - -

350OF 23A4 - - -. .
350'F Wet -

InlerlamnivatShaS, (kW) R.T. 15.0 14.9 19.8 - 19.3 20.2 16.3 1W.8
Strength 350F 10.0 10.4 1111.40 - 11.5 12,4 11.6 11.3

3500F Wet 7,9 6.5 - - 8.8 8.2 7.8 7.1

Edge Delamination Tension.
((- ±25)2, 901,

Stress at First Crack (kWl) A.T, 15.0 - - - 40.9 32.6 - -

Ftgum &. Low Modulua C ftbn Fiber BlmatelmWe Composite Prropey Compuulon
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"HiNo Hrtce Htuo I:but Cyanamid HhzWt
Proerty V-378A XV3•8 XV399C X6 3100 F65O

HiWs 42 HMtix a HKI 46 IM (9) IMS (G) IMU (a)

00 Tensile Properties
Strength (ksi) R.T. 327 407 415 362 370 -

350OF - - 420 - - -

Modulus (msi) F.T 22.9 25.8 25.8 24.3 23.1 -

350OF - - 25.5 - - -

Failure Strain (Min./in.) R.T. 13.100 14.800 15,003 14,600 16.300 -

350OF - - 15,400 - - -

00 Flexure Pvope'tics
Strength (kul) R.T. - - 270 - 228 -

3500F - - 220 - 196 -

3506F Wet - - 176 - 135 -

Modulus (msi) R.T, - - 21.5 - 18.6 -

3504F - - 21.5 - 19.2 -

3506F Welt - - 20.9 - 18.3 -

0o Compressive Propeutles
Strength (kW) R.T. - 227 270 225, - -

3509F - 162 170 159 1t) - -

350,F Wet - - 160 164tt1 - -

ModUlus (mas) R.T. - - 23.2 - - -

3506F - - 23.9 - - "

350*F We1 - - 24.2 - - -

Inteflammina Shoat (klt) R.T, 13.6 '154 21.9 17.3 16,8 17A1
Swtei 3 103 F 10.4 15.1 11,31t1 !1,4 129

3,5061 Wei 1,11 0.3 10.0 V111 ?JT 0.5

Edge OeW•tzNU Tonsm.,

[(c25)s. 904,
SUress aFtt FCrac1 H ki A.. 1 7.0 26.0 36.9 -- 26.4 23.0

ii: 31 P A

Figuto 0. 1AWamedfts MocfUka Carbon FOb lualemd COMPosIM
Pwpeft COMPOS

Based on the resin-related failure data available, these materials wera

correlated with the resin selection criteria envelope in Figure 10. The

properties presented in Figure 10 are nomalized to the baseline Hieco V378A

resin system. As seen in this figure, all second generatioa bismaleimides,

with the exception of Aveo 130, were expected to show an overall improve-

ment iW laminate structural and damage tolerance properties. However, uon

were expected to reach the performunce of current epoxy systems.
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1Hercules 35014
0

2 _

Strength Hinal md

Ratio . Ciba Geigy RU451 Her l 8
SISO Hexcul 419.61-5

¶ Hitco V.378A4 " 7 7 771 0

*J, Avcoft Uao 0 boxv

0 I @ 3

Modulus Rao, J!

Figure 10. RUin Reated Pmpeudl of BI nd Epoxy ROSns

2.2 p!birjBis%.leimtde.4aterijeSelection - The Assessment of the available

data for bisuleiside resin material systets was used to select two system

for use in Tasks 11 through IV. These resin system were American Cyanemid's

Cycom 3100 and Hexcel's Y650 Selection was basd on resin mechanical and

physical properties, procossibility, availability and compatibility vith the

Hercules 1116 fiber. The Hercules ID6 fiber was selected for evaluations vith

these resins because of its high strength and stiffness properties. A coiwon

fiber vas chosen so that differences in performance could be attributed to

the 81.•!erin.

•oth Cycom 3100 and hiexcel F650 have improvwd interlasinar fracture

toughness and iaproved interlaminar shear strength over the current carbon/

bimaleimida system. Both of these systems have excellent hindling charac-

teristics, similar to epoxies. The assessment showed these materials should

maximize structural performance, including higher strains to failure (reduc-

ing microcracking), improved transverse lamina strength, retention of stiff-

ness and unidirectional compression strenths at elevated temperature, and

improved toughness.
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The Cycom 3100 system has a hot/wet service temperature capability of

350°F while the Hexcel FE50 syster: h;s a hot/wet service temperature in the

400'F range. The increased service temperature capability of F650 sacrifices

some toughness and damage tolerance. Selection of the two bismaleimide

resins permitted an assessment of new second generation materials with a

range of temperatures and improvements in toughness that may encompass

requirements of future aircraft. The two material systems selected for use

in this program are summarized in Figure 11.

Resin

Material iber Fiber Strain ReRln Deculptlon
System'r Capability Manufacturer (Not/Wat Service

FiberlReaIn Manufacturer (AlnJlf,) Tomperature)

A) IM6/3100 Hercules 16,000 American 350 - 375
Cyanamid

8) IM6/F660 Hercules 18,000 Hexcel 425 - 450

Figure 11. FlIberlReeo, Materdaie Selected for the Pogrmm
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SECTION 3.

TA3K II: ENVIRONMENTAL MATERIAL ALLOWABLES

3.1. Summary and Conclusions - IM6/3100 and IM6/F650 specimens were tested to

determine moistura absorption characteristics, glass transition temperatures,

susceptibility to thermal spiking, lamina mechanical properties, fracture

toughness, and crack growth characteristics. These properties were compared

to available data for baseline epoxy (ASl/3501-6) and BMI (T300/V378A)

material systems.

Moisture absorption tests were performed to determine how much and how

fast water is absorbed. The quantity of water that could be absorbed was

determined from test results that show IM6/3100 achieved a saturation level

of 1.34 percent which is 87 percent of the saturation level of T300/V378A.

IM6/F650 achieved a saturation level of 1.28 percent which is 84 percent of

the T300/V378A level. The rate at which water is absorbed was determined

from diffusivity (D X) tests that showed IM6i3100 and IM6/F650 bounded by

ASI/3501-6 and T300/V378A. At 100*F, the diffusivity of T300/V378A is

approximately two times as great as for IM6/F650, two and one-half times as

great as for IM6/3100, and ten times as great as for AS1/3501-6.

Glass transition temperature (T ) tests were performed to determine how

moisture affects the T of the two material systems. Test results show thatB

the T , f IM6/3100 decreases linearly with moisture content and that the T
of IM6/F650 decreases nonlinearly with moisture content. Alsop at moisture

contents in excess of 1.1 percent, the T of IHS6/3100 exceeds the Tg of

IM6/F650. The T test results were used to define the elevated temperature/-

wet test conditions for later tasks.

Thermal spike tests were performed to determine the susceptibility of

116/3100 axid 16/F650 to matrix microcracking or delamination caused by rapid

changes in temperature. Tests showed that 16/3100 did not exhibit micro-

cracks or delaminations for either dry or wet laminates. 116/F650 exhibited

microcracking only in wet laminates.

13



Lamina property test results show that 00 properties of IM6/3100 and

IM6/F650 compare favorably with baseline systems ASI/3501-6 and T300/V378A.

This quality is attributable to the superiority of the IM6 fiber compared to

either AS1 or T300 fibers. In contrast, the 908 properties of IM6/3100 and

IM6/F650 were not as good as the 90' properties of the baseline materials.

The shear properties of IM6/3100 exceeded those of T300/V378A but fell short

of those of AS1/3501-6; while the shear properties of IM6/F650 matched those

of T300/V378A and also fell short of those of ASl/3501-6.

Fracture toughness and crack growth testing was performed to determine

the Mode I, Mode II, and interaction characteristics. IM6/3100 was found to

be tougher than IM6/F650. IM6/3100 showed equal toughness at cold tempera-

ture/dry (CTD), room temperature/dry (RTD), or elevated temperature/wet (ETW)

conditions. IM6/F650 exhibited degraded toughness at ETW conditions compared

to its CTD or RTD toughness. Results show that Mode I fracture toughness

increases with crack length. This behavior has been attributed to fiber

bridging. Mode II fracture toughness was found to be independent of crack

length. It was found that IM6/3100 is generally tougher than AS1/3501-6 and

T300/V378A, and IM6/F650 is generally not as tough as the baseline materials.

For both materials the mode with the greatest crack growth rate under

CTD and RTD conditions was mixed mode with 83 percent Mode II. Under ETW

conditions, crack growth was greatest in Mode I for IM6/3100. IM6/F650

showed significant increases in crack growth for all modes at ETW conditions.

The results from Mode II IM6/F650 testing indicate that resin weakened by ETW

conditions caused unstable crack growth.

3.2 Testing and Evaluation - The objective of the test program was to define

the environmental material allowables for the bismaleimide composites

IM6/3100 and IM6/F650. Data was recorded to determine environmental effects,

basic lamina material properties, toughness, and crack growth characteris-

tics.
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3.2.1 Overview - In this program, 162 static tests and 72 fatigue tests

were performed under cold temperature dry (CTD), room temperature dry (RTD),

and elevated temperature wet (ETW) conditions. The tests were conducted to

determine:

o moisture absorption properties

o glass transition temperatures

o susceptibility to thermal spike damage

o unidirectional lamina material properties

o fracture toughness interaction characteristics

o interlaminar crack growth behavior

according to the matrix in Figure 12.

Test Types Number ofTests

Moisture Absorption 36
Glass Transition Temperature 24

Thermal Spiking 16
Lamina Mechanical Property 90
Fracture Toughness 144

Total 310

Figure 12. Task II Test Matrix
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3.2.2 Moisture Absorption - Figure 13 shows the environmental condi-

tions impised during the tests. For the first three conditions, the relative

humidity (RH) was 'held constant and temperature was varied in order to
determine the diffusivity (D x) of the material as a function of temperature.

The results in Figure 14 show the diffusivities of IM6/3100 and IM6/F650 are
bounded by the diffusivities of AS/3501-6 and T300/V378A. At 100 F, the
diffusivity of T300/V378A is approximately two times as great as for
IM6/F650, two and one-half times as great as for IM6/3100 and ten times as
great as for AS1/3501-6.

Absorption Environment Number of Tests Total
Temperature R.H. M613100 IM61FOSO

(OF) (%) I

100 75 3 3 6
140 75 3 3 6
180 75 3 3 6
160 s0 3 3 6
160 75 3 3 6
160 95 3 3 6

36

0P71.06434

Figure 13. Moisture Absorption Test Matrix
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10-2

4m

10-3

Diffusivity 10 -4
In. 2/Day 0 -lT3O0V378A

Dx D. U

Material Symbol Do EO I_____ _____

10-5- T3001V378A 121.0 8,625 % ASll3501
IM61F050 0 945.6 10,265
IM513100 0 3,527 11,295

AS113501-6 2,172 11,930

10 6 -I I __ _ _ _ _ _ _ _ ___ __ _

"2.4 2.6 2.8 3.0 3.2 3,4 3.6
II*K x10-3

180 140 100
Temperature- °F

0P7,03434

Figure 14. Dlffuslvity as a Function of Temperature

In the last three conditions of Figure 13, the temperature was held

constant and RH varied to determine the moisture content at equilibrium (M eq)

as a function of RH. Figure 15 shows a comparison of M for T300/V378A,eq

IM6/3100, and IM6/F650 with resin contents (RC) of 30.2 percent, 30.1 per-

cent, and 31.4 percent respectively. The RC of the test laminate is

0 important because Meq is directly proportional to RC as shown in Equation 1.

Heq ' A * (ZRC/100) * (ZRH/100)B (1)

The M4 of T300/V378A at 100 percent RH is 1.534 percent. For 16/3100 theeq
K at 100 percent RH is 1.341 percent (87 percent of the T300/V378A value)eq
and for IM6/F650 the Meq at 100 percent RH is 1.281 percent (84 percent of

the T300/V378A value).
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101 I
MEQ=A 

%RH)

Material Symbol .1C A B

T3OWV37SA 0 30.2 1.534 1.069
IM613100 0 30.1 1.341 1.129
IM61F680 A 31.4 1.281 1.237

Equilibrium
Moisture
Content 100

W t % 0..

10- 1i0  100

% Relative Humidity 0"34P,

Figure 15. Equilibrium Moisture Content ve Relative Humidity

After the moisture absorption characteristics of both material systems

were determined, analyses were performed in order to define an end-of-life

moisture content for a representative composite structure exposed to a

20-year basing scenario. Weather data composed of temperatures and relative

humidities for various Air Force bases, along with the moisture absorption

test results discussed previously, were used as input to a one-dimensional

moisture diffusion model called WETLAM. WETLAM was used to model a 1/4 inch

thick laminate representing a section of an F-15 wing skin, Weather data for

European, American, and Far Eastern basing scenarios were used to determine

the most critical exposure. Figure 16 summarizes the results of the investi-

gation. The most critical exposure for both material systems was the

European basing scenario resulting in end-of-life moisture contents of 0.712

percent for IM6/3100 and 0.714 percent for IM6/F650. These moisture levels

were used later with glass transition te:nperature test results to determine

ETW test conditions for future testing in this program.
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% Moisture Content
20-Year Predicted by WETLAM

Basing Scenario IM613100 IM61F650

Europe 0.712 0.714

Far East 0.699 0.679

United States 0.644 0.639

0P,3434,.10

Figure 16. End-of-Life Moisture Contents in F.15 Wing Skins
After 20.Year Exposures

3.2.3 Glass Transit.ion Temperature - Glass transition temperatures (T )
limit usage temperatures. Tests were performed on dry and wet laminates to

measure TE, as shown in the test matrix in Figure 17. Thermal Mechanical

Analysis (TMA) was used to measure T for both bismaleimide systems. The TMAS
measures thermal expansion dimensional changes as a function of temperature.

The T of each material is the point on the expansion versus temperature plotS
where the coefficient of thermal expansion (i.e. slope of expansion versus

temperature plot) changes, as shown in Figure 18. The T decreases as

moisture content increases.

Moisture Content Number of Tests Total

IMOI3100 IM6IF650

Dry 3 3 6

Level 1 3 3 6

Level 2 3 3 6
Level 3 3 3 6

24

GlP,.0U4@U4.T

Figure 17. Glass Transition Temperature Test Matrix
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Figure 18. Glass Transition Temperature Determined by Thermal Meohanical Analysis

In Figure 19, T as a function of moisture content is shown for bothS
material systems. The T of IM6/3100 decreases linearly with increasingS
moisture content. The T of IM6/F650 decreases nonlinearly with increasing
moisture content. It is interesting to note that for high moisture contents,

the T of IM6/F650 is lower than the T of IM6/3100.S g

The T vs. moisture content relationships shown in Figure 19 were usedS
with previously determined end-of-life moisture contents to define the upper

use temperatures for both BMI systems. For IM6/3100 at a moisture content of

0.712 percent the T is predicted ti be 408*F. To insure that the degrada-g
tion associated with the T was not encountered, a buffer of approximatelyg
500 F was applied, resulting in an upper use temperature of 360*F for

'IM6/3100. In a similar manner the upper use temperature for IM6/F650 was

defined as 410 0 F. The ETW test conditions for both materials are shown in

Figure 20.
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550

0 F650 Test data
500 • "A 3100 Test data

500-- -

4 450

Glass 
% Tg = 534.7 -150.8 (MCA.3

Transition %

Temperature 400 -

350
Tg =509.4 - 142.0 (MC) 7

%%

250- --- --
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Moisture Content - % Weight
OPT"4"4".

Figure 19. Variation of Glass Transition Temperature With Absorbed Moisture Content

% Moisture Content Glass Transition Elevated Test
Material PMitredicted Contt Temperature Temperature

M i Predited by WELAM ('F) (OF)

IM613100 0.712 408 380

IM6/F650 0.714 465 410

GP734343.1

Figure 20. Elevated Temperature/Wet Test Conditions Determined
From End.of.Ufe Moisture Level
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3.2.4 Thermal Spike Susceptibility - Thermal spike tests were performed

in order to evaluate the susceptibility to matrix microcracking or delamina-

tion due to rapid changes in temperature. Each material system was

cycled from -65*F to its upper use temperature and back to -65*F, five times,

as shown in Figure 21. The rate of temperature change was 1*F/sec, which is

representative of the rate with supersonic dash conditions. Both dry and wet

specimens were tested as shown in Figure 22. Each test involved a test

specimen and a rider specimen. The test specimen was sectioned and polished

for micrographic investigation. The rider specimen was instrumented with a

thermocouple to monitor the temperature vs. time schedule. Wet laminates

were tested to see if entrapped moisture would promote delaminations or

microcracking in severe hot or cold environments.

500

400 - -n - In----- 
-ý -l

300

Temperature 200 - -

100 -- -- -

0 -q a L- -

-100 
1 1 - - - - -

-200
0 10 20 30 40 50 60 70 80 90 100 110 120130140

Time - Mln..

a) 15/3100 Schedule

500 
1 ------------

400
300- -- a --

Temperature 200- -- -- --

OF 100 --

.100
-200 - -

0 10 20 30 40 50 60 70 80 90 100110 120130140
Time - Min.

b) IMSIJF60 Schedule

Figure 21. Thermal Spike Temperature and Time Schedules
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Number
Spike Moisture of Tests Number of
Range Condition IM613100 IM61F650 Specimens

(OF)

- 65 - Tup Dry 2b 2b 8

- 65 - Tupa Wet 2b 2 b 8

Total 16

Notes:
a Tup =380 for IMS/3100
a Tup = 410 for iMS/F650
b Each test involved one test

specimen and one rider specimen
0P73014316

Figure 22. Thermal Spike Test Matrix

For both dry and wet conditions, 1M6/3100 showed no sign of microcrack-

ing or delamination. Also, dry I16/F650 laminates showed no signs of crack-

ing or delamination. In contrast, wet IM6/F650 laminates did exhibit micro-

cracking. The microcracks occurred in the 900 ply that was sandwiched

between two 0' plies of a 20-ply 50/40/10 laminate.

3.2.5 Lamina Mechanical Properties - Lamina mechanical property tests

were performed as shown in the test matrix, Figure 23.

1M V/3100 1M1111FeO0 Number of
CTD RTD ETW CTD RYD ETW Tueso

0 Tension 3 3 3 3 3 3 18

90" Tension 3 3 3 3 3 3 18

0 Compression 6 6 6 6 6 6 38

:45' Shear 3 3 3 3 3 3 18

Total go

Figure 23. Lamina Mschanical Property Test Matrix
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3.2.5.1 0' Tension Test Results - The test specimen configuration is

shown in Figure 24. Figure 25 shows a typical failed specimen. Test data
are tabulated in Figure 26. These test results indicate the ability of the

BMI resin to transfer the strain capability of the fiber (16,000 Pn/in) to

the composite laminate.

S~~~9.00 '"-

0.25 0 010 0 .0 IT II 1 "
001900 Strain Gage-/~ T

Grip Tabs /
6 Plies 7781 Qlars Fabric

Bond With FM400 Adhesive
TypIcld 4 Pla-es

Figure 24. Unidlyeollonal 00 Tension Test Speclmen

Flgure 25& Foiled 0 Tensile Specimen
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M EWat SpwiII Thicklu Wire F O Siu FAN SiO Nov*$

SyhI.a Numbe ( (IN,) iO Avg Iad Avg lnd Avt R8%

1-4-10 0 088 0.491 15.M0 390.5 16,100 23.02 0.317
CTO 1-4.11 0089 0.506 16,900 402.2 382.3 15.720 15.347 23.68 23,19 0.319

1.4-12 0.089 0.507 14.900 354.4 14,220 22.87 0.27?
1-4-13 0.089 0.5,06 16,0 401.9 - - -

IM6/3100 RTO 1.4-14 0.089 0 508 15.750 373.8 312.6 14.840 14.940 22.96 23.02 0,311
1-4,15 0089 0.508 15.690 372.2 15.04k 23.9 0.299
1-4-16 0.088 0 510 8. 208.6 8.570 24,43 0.317

ETW 1,4,17 0.081 0.508 10.320 245.0 231,2 10.040 10.083 20.95 22.13 0.288
1-4-18 0 08 0.509 10,140 240.1 10,880 21.01 0.307

2-4-10 O-088 0.501 14,300 343.9 13,150 23.46 0 270
CTO 2-4-11 0.087 0501 13.230 3116 330.8 13,150 12.33 23.42 23.17 0 322

2-4-12 0 088 0o503 13,900 3,32,9 121200 22.61 0.306
2-4,13 0o08 0-03 12130 295.3 11.270 23-53 0 30?

IA6F650 Rio 2.4-,4 .001 0505 o 2.30 295.6 280,6 3,600 134290 23,60 2.33 029
2.4-15 00M4 004 101500 251.0 15000 23.00 0309

Z14,16 0040 0 06 9.1 219.1 10,130 2241 0275
EIW 2,-,14 0.08 0.109 9.120 9 2015 3 9.010 9,332 2237 1 22 0.335

2,4-1 0 0" 0506 7,160 110 COSS 22,50 0324

14s" WWAVA ti *M 43% b W~ %XPA low~ a4 SOMl tOiv * 4hW Go

FIRuu 2S. 21dLt a I 00' TeOn% TM lItw"I

1M6/3100 showed a 40 percent loss in strength under MT5 conditions. The

CTD and WTD strengths of 16/3100 were. equal.

In the case of MOW6i650. the RTD strength was 15 percent lower than the

CTD strength. The 11H6/650 EN strength was 38 percent lower than Lhe CTD

strength. The decrease in strength with increasing temperature i# a reflec-

tion of a decrease in load/strain transfer capability of the matrix material.
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3.2.5.2 90' Tension Test Results - The test specimen configuration is

shown in Figure 27. Figure 28 shows a typical failed specimen. Test data

are tabulated in Figure 29. These test results indicate the susceptibility

of the resins to environmental degradation. IM6/3100 showed gradual strength

reduction with increasing temperature. The RTD strength was 5 percent less

than the CTD strength. The ETW strength was 70 percent lower than the CTD

strength.

9.00,. I• .4.50

• O 0" --- 110I /
0'I90' Strain Gage-/ T

16 Piles

Grip Tabs
6 Pilies 77/81 Gilass Fabflo

S~Bond With FM400 Adhesive/
S- ~Tyjý,'• 4 PlacesU-/

FIgure 27. UnidIreottonal 00 TUnuion Test SpeoWmen
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GP$3-0089924

Figure 28. Failed 900 Tensile Specimen

Material Specimen Thickness Width Failure Failure Stress Failure Strain Modulus
System Environment Number 14,) (in.) Load (ksi) (t In./in.) (mel) Peissonls

(lb) Ind Avg Ind Avg Ind Avg Ratio

1411 0 087 1 000 410 4 94 3.400 1.41 0.018
CTO 1,42- 0 089 I 001 577 695 586 4.500 3,853 1 56 1.50 0019

VW 4.73 5 6 iQ9 1C 0(10%
1,,4 0 090 1 002 447 5 37 3,740 1 45 0 020

i'jtO3100 AID I 4.5 0089 I 002 476 b 1? 5.59 3 980 3,87 1.45 1 46 0 021
1.4.6 0089 1 002 471 5.U6 i.910 1 48 0 020
1.4. 008 1 004 -. ....

EMW 14 8 0088 1 003 132 1 59 176 2.500 2.930 069 0.65 0 052
149 0 08 1 004 165 194 3.360 062 0.04

2,:41 0088 0998 25? 304 1.810 1 56 0 019
CIO 7.4 0 080 0998 452 546 4 25 3.610 2,740 1 54 1 55 0.020

214.3 0088 0996 .. ...

2 4ý4 0 08? 0 I7 554 66 3 5,100 1 31 0.017
iM%46/r50 ID1C) ,4, 0088 I 004 473 568 5.28 4 ?20 4.673 I 38 136 0020

*2-46 0098 0994 540 655 4.700 1 41 0018

7,1 0M 088 905 M 036 6 059 0019
ttW '24 0088 1.007 01 097 0 4 ' 428 1.091 068 066 0017

. , 0 08 t 100 73 0 a7? 1.48 0 70 0015

No•o Ro•lts o/nWUra to 63% fi~t voluthil Itaction with a nominal ply Ihickttoss of .0052 in 11

Figure 29. Unidireoclonal 900 Tension Tlest Nsults
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In contrast to IM6/3100, IM6/F650 showed maximum strength under RTD

conditions. The CTD strength was 32 percent lower than the RTD strength.

Apparently the CTD condition embrittled the F650 resin resulting in fragile

material that was very susceptible to bending loads. One specimen of this

group (Spec. 2-4-3) actually broke prior to testing as it was being position-

ed into the load frame. The ETW strength was 88 percent lower than the RTD

strength. This drastic strength reduction in IM6/F650 under ETW conditions

correlates with the microcracking that occurred in wet IM6/F650 during

thermal spike testing. As the wet laminates were spiked to elevated temper-

atures, the matrix tension strength diminished and matrix cracks formed.

3.2.5.3 00 Compression Test Results - 00 compression mechanical

properties were determined using both unidirectional coupons and unidirec-

tional sandwich beams. The 0Q compression coupon test specimen configuration

is shown in Figure 30. Two coupon configurations were used to determine

stiffness and strength. The configuration without tabs was instrumented to

measure modulus and Poisson's ratio. The tabbed specimen was used to deter-

mine strength. The unsupported specimen length was chosen so that the

buckling strength would exceed compression strength. Due to the short gage

length these tabbed specimens could not be instrumented.

S• ~2.20 -

0.25 00

T 0°i901 Strain Gage- t

0.20-H -1.-0---i

\Grip Tabs
. Plies 7781 Glass Fabric
Bond With FM400 Adhesive
Typical 4 Places

0P73434,.19

Figure 30. Unldirectional 0 Compression Coupon Test Specimen
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Specimens were tested in the loading fixture shown in Figure 31. This

test fixture includes two vertical alignment pins assuring loading directly

along the axis of the specimen precluding eccentric loading and premature

buckling of the specimen. Blocks at the grip ends provided lateral support.

Compression loading was introduced on the ends of the specimen.

I I I I J

IIII\nf I I

Ir I

Test Specimen-

PE

Figure 31. Compression Test Fixture

Test data from 0* compression coupon tests are tabulated in Figure 32.

The results include strengths that correspond to a variety of failure modes.

In addition to true fiber compression failures, there were through-the-

thickness shear failures and end failures. Figure 33 shows a typical 0*

compression coupon failure. The shear and end failures were premature, and

did not give a true representation of the compressive capability of the BMI

systems.
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Material Environment Specimen Thickness Width Failure Failure Stress ModulusLoad ksi) msi) Poisson's
System Number (in.) (In.) (Lb) Ind Avg Ind Avg Ratio

1-4-19 0.088 0.503 22.29 0.286
CTD 1-4-20 0.088 0.505 22.31 22.03 -

1-4-21 0.088 0.506 21.50 0.309
1-4-28 0.089 0.507 7,250 172.3

CTO 1-4-29 0.089 0.507 8,740 207.7 184.3
1-4-30 0.089 0.507 7,275 172.9
1-4-22 0.088 0.507 21.24 0.333

RTD 1-4-23 0.089 0.519 21.95 22.32 0.345
16/3100 1-4-24 0.088 0.511 23.78 0.332

1-4-31 0.090 0.507 8,125 193.1
RTD 1-4-32 0.089 0.507 8,250 196.1 194.0

1-4-33 0.089 0.512 8,190 192.7
1-4-25 0.088 0.506 22.91 0.417

ETW 1-4-26 0,089 0.507 23.77 23.63 0.400

1-4-27 0.089 0.506 24.20 0.420
1-4-34 0.090 0.505 6,130 146.2

ETW 1-4-35 0.089 0.506 4,750 113.1 137.1
1-4-36 0.089 0.506 6,380 151.9

2-4-19 0.088 0.503 23.61 - 0.385
CTO 2-4-20 0.088 0.503 22.81 23.17 0.381

2-4-21 0.088 0.502 23.09 0.350

2-4-28 0.088 0.500 7.150 172.3
CTO 2-4-29 0.088 0.508 6,630 157.2 163.5

2.4-30 0.087 0.508 8,790 161.0
2.4-22 0.088 0.503 22.66 0.364

RTD 2-4-23 0.088 0.503 23.02 22.89 0.396
2-4-24 0.088 0.502 22.99 '0,389

iM6/F650 2.4-31 0.088 0.513 7,250 170.3
RTD 2-4-32 0.087 0.505 8,230 196.3 176.7

2.4-33 0.087 0.507 6,880 163.5

2-4-25 0.088 0,503 21.64 0.473
ETW 2-4-26 0.088 0,504 23.28 22.83 -

2.4-27 0.088 0.503 23.56 0.443
2-4-34 0.087 0.492 4,000 98.0

ETW 2-4-35 0,088 0.489 4,030 99.3 96.7
2.4-36 0.088 0.499 3,840 92.7

Note: Results normalized to 63% fiber volume fraction with a nominal ply thickness of ,0063 in.

. Q~P7I}1434343

Figure 32. Unldlreotlonal O Compression Coupon Test Results
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GP83-0089-25

Figure 33. Failed 00 Compression Coupon

3.2.5.4 0° Compression Sandwich Beam Test Results - In order to deter-

mine more representative compression properties, unidirectional sandwich beam

tests were performed. The test specimen configuration is shown in Figure 34.

Figure 35 shows a typical 00 compression sandwich beam failure. Test data

from 0' compression sandwich beam tests are tabulated in Figure 36.

p• Steel Load Pads (Typ)

Aluminum Honeycomb

8.0 4.0Composite Skin

20.0 Metal Skin"II-- -- .1.014 20.0 ---
I- ~22,0 '

Composite Skin: 1.00 In. Wide; 22.0 In. Long; 6 Plies Thick
Metal Skin: 1.00 In. Wide; 22.0 In. Long; 0.125 In. Thick; 6AI.4V Annealed Titanium
Aluminum Honeycomb: 1.25 In. Wide; 22.0 In. Long; 1.50 in. Thick
Data Reduction:

PL
2wt(C + t + T)

2

Where: a = Unlaxial Compression Stress
P = Applied Load
w = Composite Skin Width (1.00 In.)
t = Nominal Composite Skin Thickness (6 Plies)
C = Honeycomb Core Height (1.50 in.)
T = Metal Skin Thickness (0.125 In.)
L = Moment Arm Between Applied Load and Reaction Support (8.0 in.)

OPMa03434W

Figure 34. Unidirectional 00 Compression Sandwich Beam Test Arrangement
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.........

"G1583-089-26

Figure 35. Failed 00 Compression Sandwich Beam Specimen

MaeralEnirnmnt Secme Ticnes idh Failure Failure Stress Failure Strain Modulus
System Number (in.) (In.) Load (ksi) (A In./inl.) m)

(lb) Ind Avg Ind Avg Ind Avg

1-0-1 0,035 1.014 3,530 284.7 14,400 23.57
CTO 1-0-2 0.036 1.005 3,740 304.3 283.9 15.720 14,327 24.41 24.07

1-0-3 0.037 1.O1ý5 3,V30 262.8 12,860 24.22
1-0-4 0.037 1.001 2,960 241.8 11,890 22.98

IM6/3100 RTD 1-0-5 '1037 1.008 ?1,740 222.3 242.5 10,200 11,790 24.22 23.39
1-0-6 0.036 '1.003 3,230 263.3 13,280 22.96
1-0-7 0.038 1.005 1,390 113,1 4,900 24.05

ETW 1-0-8 0.037 1.009 1,670 135.3 122.6 6,250 5,540 23.12 23.57
1-0-9 0,035 1.007 1,470 119.4 5,470 23.54

2-0-1 ,0.033 0.964, 3,290 279.1 14,200 23.81
CTO 2-0-2 D,034. 1,018 3,540 284.3 291.6 14,580 15,110 23,84 23.94

2-0-3 0.034 0.938 3,800 311.3 16,550 24.18
2-0-4* 0.034 0.-996 3,540 290.6 15,560 23.72

1M6/F650 RTO 2.0-5* 0,034 1.002 3,460 282.4 283.0 14,570 14.500 24.09 24.04
2.0-6 1)0.34 1.001 3,380 276.1 13,370 24.32
2-0-7' 0.034 0.998 1,420 116.3 4,880 24.88

EIW 2-0-8' 0.034 0.992 1,470 121.2 118.5 5,450 5,150 24.73 24,97
2-0-96 0.034 1.012 1,460 118.0 5,130 25.29

'Failure occurred outs-l oa 1011introdJuction I00fl0;~
Note: Results normall4ed to 63% tiber volume'lraction with a no0minal ply thiCkneSs ot .0052 Inl

GPPa34Vl39-

Figure 36. Unidirectional 00 Compression Sandwich Beam Test Results
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Results from these tests show that as temperature and moisture content

increase, the 0' compression strength decreases. This is due to the de-

creased fiber support of softened matrix material.

The RTD strength of IM6/3100 was 15 percent lower than its CTD strength.

The ETW strength was 57 percent lower than its CTD strength.

The compression strengths of IM6/F650 covered a wider range than the

strengths of IM6/3100. IM6/F650 was stronger than IM6/3100 for CTD and RTD

conditions and was virtually equal in strength for ETW conditions. The RTD

strength of IM6/F650 was 3 percent lower than its CTD strength. The ETW

strength was 59 percent lower than its CTD strength.

Five IM6/F650 sandwich beam tests had failures occur outside of the load

introduction points where shear load exists in addition to the compression

skin load. In the RTD cases where specimen 2-0-6 failed inside the loading.

points and specimens 2-0-4 and 2-0-5 failed outside the loading points, there

is no significant difference in compression strengths. The 00 compression

strengths obtained by sandwich beam tests were more representative of the

material systems' compression strengths and were used to predict laminate

strengths in Task III.

3.2.5.5 Intralaminar Shear Test Results - Intralaminar shear mechanical

behavior was evaluated using the ±450 test specimen shown in Figure 37.

Figure 38 shows a typical failed +45* shear specimen. Test results are

summarized in Figure 39. Complete shear stress-strain curves for both BMI

systems are shown in Figures 40 and 41.

IM6/3100 showed less shear strength environmental degradation than did

IM6/F650. The RTD strength of IM6/3100 was slightly less (3 percent) than

the CTD strength. The ETW strength was 18 percent lower than the CTD

strength. The ETW strength reduction was accompanied by an ETW modulus that

was 57 percent lower than the CTD modulus.

33



9.00 ii

0.50 + 45*

T - -450 1.00

00/900 Strain Gage-/ T

0. 50 1 2.50

16 Plies
Grip Tabs /T

6 Plies 7781 Glass Fabric /
Bond With FM400 Ad~hesive/

Typical 4 Places
GP73.0343.21

Figure 37. 450 Intralaminar Shear Test Specimen

OP83-O-&27

Figure 38. Failed :t 450 Shear Specimen
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Failure Shear Stress Shear Modulus
Material Environment Specimen Thickness Width (psi) Failure Shear Strain (msl)
System Number (in.) (in.) Ind Avg (IL n1./in.) Ind Avg

1-5-1 0.0893 1.006 13,140 16,950 1.035
CTO 1-5-2 0.0906 1.005 13,570 13,440 16,500 1.021 1.026

1-5-3 0.0902 1.007 13,610 17,700 1.021

1-5-4 0.0901 1.008 13,060 22,370 0.837
1M6/3100 RTD 1-5-5 0.0902 1.012 13,020 13,060 30,000 0.770 0.818

1-5-6 0.0909 1.004 13,110 23,200 0.846

1-5-7 0.0900 1.009 11,470 >32,000 0.524
ETW 1-5-8 0.0901 1.008 10,680 10,960 >32,000 0.426 0.441

1-5-9 0.0901 1.009 10,720 >32,000 0.372

2-5-1 0.0870 1.006 10,180 .1,480 1.024
CTD 2-5-2 0.0877 1.006 10,47n 10,110 12,160 1.039 1.011

2-5-3 0.0876 1.006 9,680 11,120 0.969

2-5-4 0,0873 1.007 10,560 15,120 0.865
IM6/F650 RTQ 2-5-5 0.0867 1.006 10,390 10,200 15,440 0.864 0.867

2-5-6 0.0865 1.008 9,660 13,180 0.873
2-5-7 0,0863 1.005 6,100 >32,000 0.375

ETW 2-5-8 0,861 1.005 6,100 5,950 >32,000 0.325 0.339
2-5-9 0.0862 1.005 5,650 >32,000 0.316

Note: Results nOnhmllizeo to 63% fiber volume traction with a nomna pl iy thtckrwss of .0052 In.

Figure 39. Intralaminar Shear Test Results

14 - a -

Shear 8 -TD

Stres/

* (kAi) 8 IT- - -

000

0 4 8 12 16 20 24 28 32 36

Shet ruln, a 12 (1000 •iin)

Figure 40. IM613100 Intralsailnr Shear Mechanical Behavior
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1CTE I IM(/F650

10 - - --

Shear 8 ITD .

Stress
"t1 2

(ksi)

2

0
0 4 8 12 16 20 24 28 32 36

Shear Strain, '12 (1000 pinAn.)

Figure 41. IMB=FOSO Intralamlnar Shear MeChanlWa Behavior

The CTD strength and RTD strength of IM6/F650 were virtually equal. The

CTD strength was 1 percent lower than the RTD strength. The ETW strength of

the IM6/F650 was 42 percent lower than the RTD strength. The ETW strength

reduction was accompanied by an ETW modulus that was 66 percent lower than

the CTD modulus.

Shear stress-strain mechanical behavior was determined from measurements

of load versus longitudinal and transverse strain using the following rela-

tions (Reference 2):

G12 a x /2(ex . Cy) (2)

"%12 a x /2 (3)
Y12 ex - Cy (4)
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There are two important approximations inherent with this test and data

reduction procedure (Reference 3). One approximation is caused by the lack

of a pure shear stress or strain state in each ply of the +450 test specimen.

From test results, e.g., Figure 42 it is shown that the laminate Poisson's

ratio is not unity. Since the longitudinal strain is not quite equal to the

negative of the transverse strain, the strain state in each ply at 450 to the

laminate axes is not quite pure shear. If laminate strains are plotted on a

Mohr's strain circle, results shown in Figure 43 are obtained. Small tensile

strains exist in addition to the relatively large shear strains in the

principal directions of the lamina. The tensile strains across the trans-
verse direction of the lamina result in a slightly reduced shear modulus and

contribute to laminate failure.

Specimen Thickness Width stpe Load a, E1  P 1',, v
Numberf, f Pl Ti 71 st

1-5.4 0.0901 1.008 1 300 3,580 2.96 1,209 930 0.769 1,790 2,1'39 0.837
2 600 7,150 2.95 2,418 1,860 0.769 3,575 4.278 0.835
3 900 10,730 2.75 3,720 2,790 0.750 5,365 6.610 0.802
4 1,200 14,310 2.57 5,115 3,906 0.764 7,155 9,021 0.713
5 1.500 17.890 2.26 6,696 5,115 0.764 8,945 11,811 0.642

6 2.190 26,110 1.44 12,415 9,951 0.801 13,055 22,366 0,389

Figure 42. Intraiamlnar Shear Test Data
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ax

+ 45 Ply

'Y2 --= -- y

V;-14- 
Ply

C , 2 : (2=(C + fy)2-jý-2,..f

Mohrs Strain Circle

Figure 43. Stfain %ate In ± 45S Intrlamim Shear Tet Spe8cmen

The second approximation is due to t1he existence of large free edge

stresses in the region near the boundary of the +45* test specimen. Predic-

tions of free edge stresses in +45" laminates have been discussed in the

literature (Reference 4). Results are reproduced in Figure 44. Failure of

the +451 intralaminar shear test specimen is influenced by damage growth

caused by these large free edge stresses. Damage growth is primarily a Mode

I1 fracture due to the interlaminar shear stress state at the laminate free

edge. The toughness of the I146/3100 resin system inhibits growth of this

free edge damage and accounts for Its high shear strength relative to the

116/F650 strength, as measured using tha ±450 test specimen. Recognizing the

limitations of the +45" test method for measuring lamina shear mechanical

properties, lamina shear strength test results and hence laminate strength

predictions will in general be conservative.
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ho

X 2ho

- 456 PIy Stresses
b=8h
1+ 45"1 - 4501- 45"1 + 454)

S3 .... t _____ ... ...

StreSSt=

O6 psi Laminate Fre E1dge (Y b)

2

LamInale Center Line (Y 0)

0 0.45 040 075 1.00
ylb

3.2.5.6 Co.pariton vt.th Obseline Nttriat.Systs Figure L5 s-r-

tUes the lamina properties of Im6/31O0 mad 1116/F650. Tha baseline material

4ysLems' lamina properties are also included.

3.2.6 TntedamInat Fracture, ToUghnss - Fracture toughness testS voera

performed to detemine critical strain ettergy release rates (from static

tests) and crack growth rates (from fatigua t,.ats) as shovo in hIe test

matrix in Figure 46.
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AS1/3501-6 T30/V378A IMU/3100 NMU/F6O

R.T. 250*F R.T. 250*F 350OF -65*F R.T. ETWI') -565F R.T. ETW(2)

00 Tension Flu (ksi) 274 267 193 217 191 382 383 231 331 281 205

Ell (msi) 20.8 20.3 21.6 19.9 20.4 23.2 23.0 22.1 23.2 23.4 22.4

,lu (gin./in.) 12,440 12,735 9.580 10,480 9,570 15,350 14,940 10,080 12,830 13,290 9.330

900 Tensioti Flu (ksi) 9.5 9.1 7.8 6.3 5.1 5.9 5,6 1.8 4.2 6.3 0.7

El, (msi) 1.9 1.6 1.7 1.4 1.3 1.5 1.5 O.F 1.6 1.4 0.7

,lu (Ain./in.) 5.380 6,125 4,760 4,870 4,630 3,850 3,880 2,930 2,740 4,670 1.100

00 Compression Fu (ksi) 280 227 142 - 103 284 242 123 292 283 118

E' (omsi) 18.6 18.6 18.6 - 23.5 22.0 22.3 23.6 23.2 22.9 22.8

cu (/in./in.) 18,180 12,965 8,190 - 4,780 14,330 11,790 5.540 15.110 14,500 5,150

Shear Fu2 (ksi) 17.3 - 10.4 - 8.8 13.4 13.1 11.0 10.1 10.2 6.0

G12 (msi) 0.85 - 0.86 - 0.73 1.03 0.82 0.44 1.01 0.87 0.34

,yu(, (Ain./in.) 69,000 - 18,500 - 32,100 17.050 25,190 >32.000 11.590 14,580 >32.000

Noles II)ETW - 360*F 0 71% MC
(2) ETW - 4101F. 0 71% MC

Figure 45. Lamina Property Comparison: Baseline Material Systems vs
Second Generation BMIs

111M1/3100 IMI/IRO-- - ~NWWI#
CTO NTD ETW# CTO RTO EIW Tes

Double Cantilever Beam
Static 3 3 3 3 3 3 18
Fatigue 3 3 3 3 3 3 18

Cracked Lap Shear (a)
Static 3 3 3 3 3 3 18
Fatigue 3 3 3 3 3 3 18

Cracked Lap Sheur (b)
Static 3 3 3 3 3 3 18
Fatigue 3 3 3 3 3 3 18

End Notched Flexure
Static 3 3 3 3 3 3 I8
Fatigue 3 3 3 3 3 3 18

Total 144

Figure 46. Intedrmlnar Fracture Toughness Tet Matrix
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3.2.6.1 Specimen Description - Interaction envelopes for strain energy

release rates of IM6/3100 and IM6/F650 were developed. The interaction

characteristics were determined by testing different specimen configurations

that exhibited different mixtures of Mode I and Mode II fracture. Double

cantilever beam (DCB) specimens were tested to determine pure Mode I behavior

(Figure 47). End notched flexure (ENE) specimens were tested to determine

pure Mode II behavior (Figure 48). To determine intermediate points in the
4.nteraction envelope, cracked lap shear (CLS) specimens were tested (Figure

49).

[71! ±

A ~24 Ppil
FO I!

___FM 400

!!.'
0 i0 in Fif Is t

0 2 0 Potm t O

4 0 9 00 0

t 0 t 0 0

* 0 •+ 0

Figure 4?. Doube CanftevT Barm (Mode 1) Frt*u4e Toughnss Sp0msn
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= • =.10124

Figure 48. End Notched Flexure (Mode Ill Fracture Toughness Specimen

Folded Teflon

Folde TefloFlap Piles

e Di A Strap Piles

Not. AU D•wnons In Inches

Figure 49. Cracked Lap Shear (Mixed Mod.) Fracture Toughnes" Specimen
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By varying the number of continuous and discontinuous plies in the CLS

specimen, the proportions of Mode I and Mode II fracture can be changed. The

specimen identification scheme used in this program was:

CLS-XY

X B total number of plies

Y S number of continuous plies

The CLS configurations used in this program were CLS-63 and CLS-82. The

CLS-63 specimens exhibited 30 percent Mode I and 70 percent Mode II frac-

ture behavior. The CLS-82 specimens exhibited 17 percent Mode I and 83

percent Mode II fracture behavior. These proportions were determined by

finite element analyses in the Navy program, "Delamination Failure Criteria

for Composite Structures", (Reference 5). The interaction curves determined

by the test results were in the form shown in Figure 50.

4.5 1 1 1 1

Mode II

Mixed ModeMode 11 End oce lxre •

Energy Cracked Lap Shear
Release

Rate

In..lbI n.2

0ji ~oublel Cantllever Beam X

0 0.2 0.4 0.8 0.8 1.0 1.2
Mode I Energy Release Rate - In.-Ib/in.2

Figure 60. Speolmens Required to Determine Fracture Toughnes Interaction
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3.2.6.2 Strain Energy Release Rate Formulation - Critical strain energy

release rates were obtained from measurements of crack length, failure load,

deflection, and compliance. The data was used with the following formula to

calculate the strain energy release rate of the composite system.

G = P2 * dC (5)
2W da

In the formula, P is the failure load, W is the specimen width, and

dC/da is the change in specimen compliance with change in crack length.

3.2.6.3 Mode I Data Reduction - Several tests were performed on each

DCB specimen. Displacement was applied to initiate crack growth in the

starter film and increased until the crack extended some distance from the

loading blocks. For each test measurement, displacement was applied to start

crack growth, and the displacement was increased until the crack propagated

some arbitrary distance along the specimen. Crack length measurements were

taken visually on the specimen edge with a traveling microscope.

To compute GIC from test results, the Compliance Calibration Method

2GIC - 3AjA2 /2W (6)

This relationship is obtained by describing C and Pc by the equations,

C 6 6/P - Ala 3  (7)

PC A2 a'l (8)

C S compliance

P C critical load (to initiate crack growth)

and substitution into Equation (5). The data indicated however, that the

compliance was not a cubic function of crack length (a), and critical load

was not an inverse function of crack length. Typical data is shown in Figure

51 where compliance varies with crack length to the power of 3.35 and

critical load varies with crack length to the power of -0.9695. In the

general case Equations (7) and (8) are:

C- 8/P - A1an ()

Pc A2 a-M (10)
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Substitution of Equations (9) and (10) into Equation (5) gives the general

equation:

G2 N-1=i G~~~IC 1 NA 2a I/W(

For the conditiuns described in Figure 51 Equation (11) becomes:

G = 1.915a0 . 4 1 1 (12)

100 100

PCC

Compliance Critical

In-3 In/lb 10 
10 Load

lb

Crack Length - In.

C= AiaN = 8.96(110)-4 a 3.3

PO= A2a - = 40.65 a-°m
P78-034,t-44

Figure 61. Typloal Mode I Teat Data
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Equation (12) is in terms of the experimental crack length referenced to the

applied load axis that is 0.5 inch into the Teflon insert (See Figure 52). To
evaluate the effects of crack length on apparent toughness, GIC values were

calculated for a = 0.5 inch and 2.5 inch which represent 0.0 inch and 2.0
inch of natural crack length, respectively. The relationship defined by

Equation 12 is shown in Figure 53. For natural crack lengths of 0.0 inch
(artificial crack length of 0.5 inch) and 2.0 inch the values of Gic are 1.44

and 2.79 respectively. The variation of GIC has been attributed to fiber
bridging along the natural crack surface. The effects of fiber bridging have
also been seen in mixed mode CLS specimen tests. However, fiber bridging
effects have not be observed in Mode II ENF specimen tests. Apparently fiber

bridging affects the Mode I component of toughness and not the Mode II
component. To indicate the magnitude of fiber bridging effects for various
conditions, GC values are summarized for natural crack lengths of 0.0 inch
(i.e. no fiber bridging) and 2.0 inches.

P

-•- Experimental Crack Length

•eTeflon

Natural Crack Length
(Referenced to Teflon Tip)

FM400
AdhesiveLodn

Q Block

P OPI'4))44o

Figure 52. In DCI Specimens the Natural Crack Length to 0.5 Inch Shorter
Than the Experimental Crack Length
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Specimen 1-6-1
4.5

4.0J L--
G- MA2 aN"'=/ 1/W 2

3.5 G - 1.91611411 -

3.0

* Toughness, G, 2.5 N.W trSGIC

in-lb/in2 2.0 -Lemng - 2.0 In. -

1.5

1.0 aturi Cradc - - - -

0.5 Length - 0.0 In.0.5 1- - - -
0 1- r---

0 1 2 3 4 5 6 7
Crack Length, ak In.

Figure 53. Mode I Toughness Inrreums With Creak Length

3.2.6.4 Mixed Mode Data Reduction - As with Mode I, the mixed mode

toughness varied with crack length. Similar efforts were made to define the

variation in terms of natural crack length. Figure 54 shows that for the CLS

specimen configuration, the natural crack length is 1.5 inches shorter than

the experimental crack length.

Fiberglass
Tab

Folded Teflon

, Naturae Crack Length

F, Experimental Crack Length

0003.0089.47.0

Figure 54. In CLS Specimene The Natural Crack Length Is 15 Inches
Shorter Than The Experimental Crack Length
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Several tests were performed on each CLS specimen. Both critical load

and compliance as functions of crack length were determined. Figure 55 shows
typical compliance versus crack length data. The data indicates that dC/da
"(the slope of the plot in Figure 55) is constant. To compute GC from test
results the constant value of dC/da was substituted into Equation (5)

resulting in,

p2
Gc= !c-'2 * 2.094E-06 (13)

2W

Specimen 1-8-2
26
24

22
20

16

Compliance, 0, 14
16' in.ib 11 

612

8 l

4

2
0

0 1 2 3 4 5 6 7
Crack Length, a, inches

Figure 55. Mixed Mode Ccmpllanoe Vares Uneaudy With Crack Length
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Figure 56 shows that critical load varied with crack length. Using the

critical load vs. crack length data from Figure 56 and Equation (13), GC as a

function of crack length was determined as shown in Figure 57. For natural

crack lengths of 0.0 inch (experimental crack length of 1.5 inch) and 2.0

inch the values of GC are 1.31 and 1.67 respectively. This variation has

been attributed to the effects of fiber bridging on the opening mode of CLS

specimens.

Specime 14-2
1450

1400 - -

1350 - -

1300

1250 -. /Critical Load.

1200 -

1150 - -- -

•m 21100 -* -e -Od -

1050 - - -P- a -.6

1000 -OO -. . . . . . . . . ...

0 1 2 3 4 5 a 7

Oriad Loo.th a. In. "abO
Figure 6L. CdUcal Load ot Mixed Mode SpaeemAn Varies With Crack Length

49



Specimen 1-8-2
3.0

2.0

2.0 ;-'- 1.01 +

Toughness, G:6 1,5

In . .ll- I n .2 • ,-1 .0 ,,,,,,,, " • . #no .h 2.0 Inches

Le ngh , 0.0 Inch"

0 1 2 3 4 5 8 7

C r A L en g th , a .In c h e sa $ 4 0 0

Figure 57. Mixed Mode Toughnes Varie With Crak Length

3.2.6.5 Modes 1 Data Reduction - ENP specimens exhibited no Mode I

(opening) behavior which is appropriate for this type of specimen. It was

discovered that the lack of opening prevented crack length measurement once

the crack started to grow from the Teflon tip. To solve this problei,

compliance vs. crack length functions were experimentally determined for each

specimen prior to performing several fracture toughness tests on each speci-

man. The crack (Teflon) tip of the undamaged specimen was visible through

microscopic observation. Compliance scans were done by loading the EMF

specimen to subcritical levels, unloading the specimen, and repositioning the

crack tip (simulated by a Teflon insert) to establish various crack lengths.

Crack length could then be defined through compliance measurements.
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In contrast to Mode I and Mixed Mode tests, Mode II tests showed that

crack length did not affect the measured value of critical strain energy

release rate. To calculate GIIN the following formulation was used. The

compliance is given by beam theory as:

C 2L3 + 3a3  (14)
8Ebh 3

where,

L = half-span (2.0 inch)

a 2 crack length

E 2 Modulus

b 3 width

h 3 specimen balf-thickness

This definition of compliance in turn defines:

dC/da - 9a2 (15)
8Ebh3

3Solving Equation (14) for the quantity 8Ebh & and substituting into Equation

(15), gives:

dC/da - 9a2C (16)
2L3+3a3

Substitution of Equation (16) into Equation (5) gives the final formula for

G as:
'IN

G1C9pc2&2C (17)

2b * (23 + 3&3)

This formulation has been reported previously by Russel and Street (Reference

7).
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To determine Mode II fracture toughness, each ENF specimen was loaded in

3-point bending to the critical load level where the crack grew to the

midspan location and stopped. During the loading event, compliance data was
recorded. The previously determined compliance vs. crack length relationship
was then used to determine the crack length corresponding to the measured

compliance. The critical load, compliance, crack length, specimen width, and

half-span length were then entered in Equation (17) to calculate GIic. After

each loading, the specimen was repositioned with the crack tip away from the

nmidspan location. The loading and repositioning process was repeated several

times to obtain multiple fracture toughness values from each specimen. The
values were averaged to define the specimen fracture toughness. Typical test

results are shown in Figure 58.

Spofne*n 2-9.2
3.0

2.5 -,, - -

2,0 - -'"'

Toughness, Go, o . C/da

1.0 --- - _____ - 2W (20La~

0 2 3 4 s 0 7

Tow Lh••M&d Lenvh - 1h

.. ftUK TW*"s is k.X.w ofCO* L_-o'.



3.2.6.6 Static Test Summary - The critical strain energy release rate

data are tabulated in Figures 59 through 61. The data has been separated by

environment. Each table includes data for all four specimen types (DCB,

CLS-63, CLS-82, and EN?). Data is reported for natural crack lengths of 0.0

inch and 2.0 inch to indicate the effectiveness of fiber bridging on measured

fracture toughness. Note that for EMR specimens the toughness average is a

weighted average of specimen averages. The number of tests performed on each

ENF specimen is included in parentheses after the data.

Fnature Toughna Teut Regufi
CTD Condillo41

MatUria) - ;%Irv,
~Ind__Avg Ind Avg

1-6-4 1.16 2.25

IM83100 DO 146.5 2.03 1.61 244 2.43
14.6 165 2,59

1.74 1.76 3.15
IMA0310" CLS43 1.75 -- 1,39 - 2.31

1.74 1.02 1.46
144 2.06 22

IM&!00 CLS42 14.,5 1457 1.79 1,39 2.11
144 1.74 2.19
144 3100(4) &.07(4)

IMW3100 ENF 14-5 Z.00(4) 2.0" 2.00(4) 2.98
144~ 2,90(4) 2,96(4)•

24.,4 o.70 .9

IMOJFO- OM 24-5 , 1.5? 1.14 2,158 2.9
244 1,08 248

.. 2-7.4 1430 1.71

IM&1W0 CLS.63 247-5 1.$7 1.M3 1.89 85
2?.4 1.02 1.98
2-4 0.84 1.18

IM&F4O 0LS42 24-5 I0 1,3? 2.26 1.71
244 27 1.69
244 4.,215) 2.32•6)

IM48,I&-5O eNF 2-9• 1.68(4) 2-04- 1.86(4) 2,068
2.94e 1-.04) 193,(4)

'W~~g?(WW W'Iaf we **MOa ~~as .iM of 1x~ioom tM~bi, of 4MU

FRote S0 Cdlc, Strhan Enemy K iAm wor CTO Cow•dw," -

I ~ ~53. :



Fracture Toughness Test Results
RTD Conditions

G

Material Specimen Specimen = in. (e=,2. in.)

Type Number
Ind Avg Ind Avg

1.6-1 1.44 2.79
IM6/3100 DCB 1-6-2 0.91 1.19 3.09 2.99

1.6-3 1.23 3.08
1.7-1 1.58 3.00

IM613100 CLS-63 1-7-2 1.48 1.46 2.10 2.43
1-7-3 1.32 2.17
1-8-1 1.36 1.79

IM6/3100 CLS-82 1-8-2 1.31 1.23 1.67 1.65
1-8.3 1.02 1.47

1.9-1 3.53(2) 3.53(2)
IM613100 ENF 1.9.2 3.25(5) 3.15- 3.25(5) 3.16-

1.9.3 2.95(6) 2.95(6)

2-8.1 0.76 1.94
IM6/F650 OCS 2-8.2 0.58 0.72 2.64 2.23

24.3 0.82 2.12

2.7-1 0.80 1.63
IM6/F650 CLS.83 2.7-2 1.39 0.88 2.12 1.Z5

2.7.3 0.46 0.74
2.8.1 1,15 2.14

IM6/F850 CLS-82 2-8.2 1.12 1.22 1.50 1.83
2.8.3 1.39 i.84

2.9.1 2.10(4) 2.10(4)
1M61F650 ENF 2.9.2 2,09(6) 2.06* 2.09(8) 2.06'

2.9.3 2.01(8) 2.01(8)

'Weighted average - Individual values are averages of different nunmbers of test&

Indicated In parentheses,

Figure 60. Critical Strain Energy Release Rates for RTD CondlUons
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Fracture Toughness Test Results
ETW Conditions

Material Specimen Specimen Q Q
Type Number ( - 0.% In.) (a In.)

Ind Avg Ind Avg

1.6-7 2.66 2.49
IM613100 DOB 1-.8 1.78 2.07 2.81 2.87

14-9 1.78 3.32

1-7-7 2.38 2.94
IM613100 CLS-63 1-7-8 1.25 1.92 1.60 2.36

1-7-9 2.13 2.54

1.8.7 1.45 1,81
IM613100 CLS-82 14-8-8 1,80 1.60 2.13 1.90

1.8-9 1.45 1.75

1.9.7 3,30(6) 3.30(8)
IM613100 ENF 19-8 3.20(5) 3.19' 3.20(5) 3.19'

14.99 3.06(6) 3.06(6)

2.8.7 0.69 1.14
IM'iF6,O OCB 248 0.35 0.58 1.53 1.28

2.6-9 0.63 1.11

2.7.7 0.97 1.44
IM61F650 CL,-63 2-7-8 1.15 0.87 1.65 1.37

2.7.9 0.48 1.01

248.? 0.78 1.41
IM61FOS CLS82 21,84 0.78 0.74 1.61 1.33

2.8.0 0.65 1.08

2.9-7 1.78(6) 1.78()
IM6JFPS5 ENF 2.948 1.73(8) 1.76- 1.73(8) 1.76-

249 1.74(5) 1.74(6)

VWOIghled 11VV#O. - iftdlvidW .iua6 w evaPQfa1# 01 WiMuetl4JtIJ of tf

IAMI~)4 In ualwnrha".

Figure 81. Cril•al Sttala Emniy Relis Rates for ETW Conditoms
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The average values tabulated in Figures 59 through 61 are plotted in
Figures 62 through 64. Each figure shows a comparison of both IM6/3100 and

IM6/F650 interaction envelopes at a single environment.

The test data indicates that the fracture toughness interaction bound-

aries are more accurately defined by a function that is linear on stress

rather than linear on strain energy release rate. The stress based bound-

aries are defined as the sum of the square roots of Mode I and Mode II

fractional components, set equal to unity (see Eq. (18)).

+_ G11I+ -- = 1(18)
GI C GIIC

The test results show that Mode I fracture toughness of both material
systems increases with crack length. As mentioned previously, this increase

has been attributed to fiber bridging of the fracture surface. As the crack

grows, more fracture surface develops and more fiber bridging occurs, raising
the lead and energy required to grow the crack further. In Figures 62

through 64 the interaction boundaries are shown for initial toughness values

(crack length = 0.0 inch) and a subsequent toughness value (crack length

2.0 inch). In all cases the Mode I components of toughness increase with

crack length. resulting in an expansion of the interaction boundary. Note

that the pure-Mode II results were independent of crack length.

Figure 62 shows the interaction boundaries for IM6/3100 and IH6/6SO at

CTD conditions. The IM6/3100 is generally tougher than the IM6/F650. The

Mode I toughness of IM6/3100 increased by a factor of 1.5 with 2 inches of

crack growth and the 16iF650 Mode I toughness increased by a factor of 2.

Figure 63 shows the interaction boundaries for 16/3100 and IM6/F650 at

RTD conditions. The IM6/3100 is again generally tougher than the IM6/P650.

The Mode I toughness of IN6/3100 increased by a factor of 2.5 with 2 inches

of crack growth and the 1M6/F650 Mode I toughness increased by a factor of 3.
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IM8 /3100 CTD Conditions

Fracture length Fracture length
AuO.O In. A=2.0 KI

00B 0 a
01LS-63 A A

3 CLS-82 0

22

in.-Ib/in.

0

14

0 12 3 4

Gi(n.-Ib /in. 2

IM/ i/80 O"TD Conditions
4

02 2

S A

0123 4

Figure 62. Fsoktua Toughnam IntoMUon Envelops lot CTO CondlUloaw
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lM6 /3100 RTD Conditions

Fracture length Fracture length
A=0.0 In. A=2.0 In.

DCB ICL8-$3 A A3__LS-82
ENF

~ 2
in.-Ib /in. 2 2v

0A
I

0 12 2 4

G(In.-Ib/In.

IMO /F650 RTD Conditiono
4

3 " -

Im-lb Il

0 12 34

Gt-10.-:b An. 2)

Flgoe 63. Fraolu. ToughMes IntIfadUon Enveopes for RTO Coitions
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Figure 64 shows the interaction boundaries for IM6/3100 and IM6/F650 at

ETW conditions. Again the IM6/3100 is generally tougher than the IM6/F650.

The data indicates that the I,46/3103 at ETW conditions is just as tough as at

RTD conditions and tougbhr than at CTD conditions. In contrast, the

IM6/F650 at ETW conditioius is less tough than at either CTD or RTD condi-

tions.

Figure 65 shows a comparison of second generation BMI toughness and

baseline material toughness. IM6/3100 is generally tougher than the baseline

systems while IM6/F630 is generally not as tough.

3.2.6.7 Fatigue Test Summary - Crack growth characteristics were

determined for both material systems at CTD, RTD and ETW conditions. Fatigue

tests were performed with compliance measurements recorded between cycle

blocks for each specimen. Tests were run under displacement control so that

stable crack growth occurred. The minimum and maximum displacements were

held constant during fatigue testing, resulting in a decrease in load (and

energy) as the crack propagated in the specimen.

Fatigue data is presented as crack growth (da/dn vs. AG) plots. Change

in crack length (da) was determined by evaluating the compliance of each

specimen before and after each block of a specified number (dn) of fatigue

cycles. Then compliances were translated into crack lengths through com-

pliance vs. crack length relationships. In cases where it was possible to

determine the compliance vs. crack length function for a specimen without

affecting its fatigue response, compliance surveys were run on each specimen

prior to testing. This was possible for ENF specimens under dry (CTD & RTD)

conditions. In all other cases, the compliance vs. crack length functions

were determined from static tests of other specimens, under the sawe

environmental conditions. A summary of the compliance vs. crack length

relationships is shown in Figure 66. The change in crack length divided by

dn fatigue cycles in that block gives the crack growth rate, da/dn.
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IMB /3100 ETW Conditions

Fraotwuo leoth Fraoture length
A=0.0 n A=2.0 In.

008 0 w
CLS-83 A A

3 CLS-82 0
ENF 0

in.-ib /in.2 2

0A

0 2 .4

G(On.-Ib An.2)

IM8 /F850 ETW Condltlons
4

3 23

ltb /in. 22

03
0 2 2 4

Figure 6K Prcture Toughness Intaracom Envejop"a lot MW Condifos
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AS1135014 T300N378A IM6/3100 IM6lF650

Cold TemperaturelDry

GIc 0.70* 0.77* 1.61 1.14

Glic 3.17"" - 2.98 2.06

Room TomperaturelDry

GIc 0.75" 0.85' 1.19 0.72

G31C 2,58** - 3.15 2.06

•Reterence 6
" Reference 7

Figure 65. Fracture Toughness Comparison: Baseline

Material System vs Second Generation BMIs

CTO RTD ETW
IMO/3100 IMS4FS8 I4613100 IMOIFS50 IM6/3100 IM8SFOS0

0C8 A 4,46E.04 1,14E,03 4,35E.04 1,03E.03 1,67E.03 1,40E.03
C = AO B 3.65 2.89 3.75 3.10 2.64 2.59

CLS43
C =CO+dcdaa Co 1,02E.05 1,1iE105 1.03E105 1.131245 1.121145 1,09606

daa da 1.23E4)6 1,36E.06 1.12E.06 1,09E.06 9.8E0.07 1.086(1

CLS-82
C CO + d/oa CO 1.02E.05 8,33E.06 1,121105 I.05E406 7,70.0E 9,916M06

dcdda 2.191106 2,601106 2.00E.06 2.91E.06 2.53E40 2.02E46

ENP

C CO + Aa& CO 3.93E.04 3.63E.04 4,20E.04 4.29E.04 4.03E.04 3.72E.04

A 6.831145 6.57E05 7.03E,05 8.02E.05 7.47EA 5 9.,0E4)5
a 3.00 2.89 2,90 2.89 2,95 2.08

Figiure G& CompUnce we Crack Length Paranetm
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The variation in strain energy release rate (AG) during cycling was

calculated with the equation:

Pmean 2  R2  C
AG 2- * (1 - R2) * AC (19)

where,

Pmean - average of initial and final maximum cyclic loads

for each block

W S specimen width (1.0 inch)

R i fatigue ratio (0.1)

AC - difference in compliance before and after each block

Aa - difference in crack lengths corresponding to

compliances that determine AC

Each block of fatigue cycling then produced a da/dn and AG data pair.

The data for each specimen was then plotted on log-log scales to determine a

crack growth curve in the form,

da/dn - D * (AG)K (20)

for each specimen. A summary of the D and K parameters for each test condi-

tion is shown in Figure 67. Each test condition included a replication of

three specimens. The values of D and K (shown in Figure 67) are averages of

the three replications and were used to plot a crack growth curve through all

the data generated by the three specimens at each condition. The plots for

each of 24 test conditions (U. e. combinations of 2 materials * 4 specimen

types ' 3 environments) are shown in the Appendix volume of this report.
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Crack Growth Data
daldn = 0 (AG)K

CTD RTD ETW
D K D K D K

DCB 4.175C.09 19.50 2.014EE08 19.00 2.919E-03 3.37
CLS-63 1.780E-06 15.10 2.403E.05 8.27 5.845E.04 5.92
CLS-82 2.346E804 7.37 2,535E04 9.69 5.653E04 6.88
ENF 1.679E.09 15.00 1.682E-07 9.53 1.124E-05 6.47

IM813100

CTD RTD ETW
0 K D K D K

DCB 7.078E.07 14.30 8.253E-07 16.40 7.876E02 5.32
CLS63 9.078E.5 15.80 2.147E.04 10.60 2.703E.03 8.88
CLS-82 6.558E.04 12.40 2.134E.04 8.86 2.917E,02 10.10
ENF 1.590W06 12.20 1.957E46 18.80 -W

IMIIFOSO

Note4 (1) C*tlal) v•auo of 44 a 1,47 In,.l-4n.2

NO gOQwth (of 40 < 1.47, Aut&* gOWth 140 1.04.
Oh•W.T

Figw. 67, Cfe Q'owth Pa&ramMetS

Interpretation of the crack growth curves involves observation of two

charac-4ristics of each curve. The first is the location of the lower $nd

(i. e. low crack growth rates) of wh curve. Threshold strain energy release

rate increases .as the lower end of the curve moves to the right, to l•gher

energy conditions. Systems with higher thresholds resist crack growth until

relatively high strain energy release rates are developed. Another way of

identifying Lite relative locations of the lower end of various curves is to

observe the intercept value of each curve. The intercept value (the D

parameter in Equation (20)) defines the crack growth rate of each condition

for a AG value equal to i. Tougher systems will have lower intercept crack

growth rate values.
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The second characteristic to be observed is the slope of the curve (the

K parameter in Equation (20)). As the slope of the curve decreases, the

ductility increases. A relatively shallow slope indicates a gradual increase

in crack growth rate with an increase in strain energy release rate. In

contrast, a steep slope represents a more rapid increase in crack growth rate

as strain energy release rate increases. In the limiting case of a vertical

da/dn vs. AG curve, the system would exhibit no crack growth until the

critical energy level was established. At that level, failure would occur

instantaneously without warning, in terms of crack initiation and growth.

Figure 67 shows the crack growth parameters for both systems. IM6/3100

was generally tougher than IM6/F650. The superior toughness of IM6/3100 was

previously shown in static fracture toughness test results.

Under RTD and CTD conditions, mixed mode crack growth rate intercept

values are two to three orders of magnitude higher than Mode I or Mode II

intercepts as evidenced by the values reported in Figure 67. Of the two

mixed mode configurations tested, the mixture exhibiting the greater Mode II

component (CLS-82) generally exhibited the higher crack growth rate intercept

value. The critical mode of crack growth, for RTD and CTD conditions, was

the mixed mode with 83 percent Mode II, behavior as compared to the mixed

mode with 70 percent Mode I1 behavior.

In contrast, under ETW conditions, Mode I crack growth appears to be -he

critical mode for Il6/3100. Whereas the mixed mode intercept values were

greatest under CD and RTD conditions, the Mode I intercept was greatest

under ETW conditions. IM6/F650 showed significant degradation for all

configurations tested at ETW conditions.

Another interesting result of ETW crack growth testing is the behavior

of IM6/F650 during Mode II testing. During these tests it wgA found that the

da/dn vs. &G curve wag vertical. Under ETW conditions the 7650 resin w~s

weakened resulting in unstable crack growth at the critical AG level. The

critical value of AG (1.47 in-lbs/in 2) uas included as a note in Figure 67.
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3.2.6.8 Fractographic Investigation - The fracture surfaces of static

and fatigue fracture toughness specimens were investigated to determine

environmental and fracture mode effects on the failure process. Results from

the investigation have been compared with results from similar investigations

of the baseline materials (AS1/3501-6 and T300/V378A). The baseline mater-

ials were investigated by Law and Wilkins (Reference 5). These observations

might be used to qualitatively evaluate the type of fracture that occurred in

a failed structure.

As temperature and moisture content increased, the matrix material
weakened. The weakened material provided less fiber support, allowing fibers

to be pulled out of the surface and broken. In addition, the weakened matrix
exhibited more ductility, resulting in a rougher fracture surface than in the

case of colder, drier conditions. Both broken fibers and roughness due to

ductility cause the surfaces to be more dull. This effect is shown in Figure

68 where the dullness of the Mode I static specimen surfaces increases as

conditions vary from CTD to ETW. Figure 68 also shows that under all three

environmental conditions the IH6/F651 specimens experienced more fiber

pullout than the IM6/3100 specimens, and therefore are more dull. This

variation in surface appearance with environment has also been documented for

AS1/3501-6 and T300/V378A (Reference 5).

The effects of crack growth rate have also been recorded. Figure 69

shows mixed mode (CLS-63) RTD fracture surfaces for both systems at two crack

growth rates. For IN6/3100, increasing the crack growth rate decreases the

density of surface features. In contrast, for IM6/F650 the crack growth rate

does not appear to affect the density of surface features.

The fracture mode effects can be seen in Figures 70 and 71. In Figure

70 the variation in the XH6/3100 fracture surface is shown as the proportion

of Mode II fracture increases. The DCB specimen exhibits broken fibers that

are expected from pullout during out-of-plane loading. The surface of the

CLS-63 speci-Aen (70 percent Hode II) shows hackles and ridges formed by

resolved tension stresses in shear strain fields created In mixed mcle and

Mode II specimens (Reference 5). The surface of the CLS-82 specimen (83

percent Mode ii) anid the ENF specimen (100 percent Mode I1) also show ridges

and hackles, but not to the extent shown in the CLS-63 surface.
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DCB CLS-63
(RTD, Fatigue) (RTD, Fatigue)

CLS-82 ENF
(RTD, Fatigue) (RTD, Fatigue) GP83.089,3

Figure 70. Variation In IM6/3100 Fracture Surface Due to
Variation In Fracture Mode
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In Figure 71 the variation in the IM6/F650 fracture surface is shown.

In contrast to IM6/3100, which showed the most roughness in the CLS-63

configuration, IM6/F650 surfaces gradually increase in roughness as the

proportion of Mode II fracture increases. Beginning with the DCB configura-

tion, missing fibers due to fiber pullout are apparent. Progressing to the

CLS-63 surface, hackles and ridges are exhibited. Finally the CLS-82 and ENF

surfaces exhibit the most roughness.

The susceptibility to fiber/resin interfacial failure is seen in Figure

72. The fractographs are from CLS-82 specimens, which produce only 17

percent Mode I behavior. Even this relatively small amount of pullout

behavior causes clean fiber/resin separation in IM6/F650 when conditions are

changed from RTD to ETW. In contrast, the IM6/3100 did not show this ten-

dency as obviously as did IM6/F650.

Sb

69



OCB3 (RTD Fatgue)(RTD, Fatigue)

CLS-82
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3Figure 71. Variation In 11461F650 Fracture Surface O~ue toVariation In Fracture Mode
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RTD ETW
(CLS-82) IM6/3100 (CLS-82)

•'' a' '•

h-

RTD ETW
(CLS-82) IM6/F650 (CLS-82)

OP6S3OOg.36

FRgure 72. ETW Conditions Produce Cleaner Fiber Pullout
In IM6/F650 Than In IM6/3100
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SECTION 4.

TASK III: LAMINATE STRUCTURAL CHARACTERIZATION

4.1 Summary and Conclusions - IM6/3100 and IM6/F650 were tested to determine
unnotched laminate strengths, notched strengths and fatigue lives, loaded

hole (bearing) strengths and fatigue lives, and low-velocity impact damage

tolerance. Low-velocity impact tests were performed to evaluate the non-

visible damage threshold, thin laminate damage behavior, and visible damage

energy levels of both systems.

Unnotched laminate tests showed that IM6/3100 had the greatest proper-

ties under CTD conditions. IM6/F650, on the other hand, showed the greatest
properties under RTD conditions. Classical lamination theory accurately

predicted laminate moduli. Laminate strength predictions for 50/40/10 layups
were made using Tsai-Hill and maximum stress failure criteria. Tsai-Hill

predictions were generally conservative while maximum stress predictions were

generally unconservative. Strength predictions of 10/80/10 laminates were

generally conservative. This was attributed to the conservative shear
strength values determined in Task II lamina property tests.

Unloaded hole static strength tests showed that the notched tensile
strength degradation (from unnotched strengths) of IM6/3100 was approximately

40 percent and that of IM6/F650 was approximately 30 percent. The notched
compression strengths of both m•terials showed 30 percent to 40 percent

degradation at CTD and RTD conditions. Under ETW conditions, the notched
compression strengths of both systems were less than half the unnotched

compression strengths.

Unloaded hole fatigue testing showed that for IM6/3100 compression-only

(R = 10) cycling produced longer fatigue lives than reversed (R - -1)

cycling. It was hypothesized that IM6/3100 fatigue behavior is controlled by

matrix cracking. IM6/F650 showed no R ratio effect. It was hypothesized

that IM6/F650 fatigue behavior is controlled by delamination growth. ETW

fatigue test results indicated that the specimens dried due to the relatively
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high diffusivity of BMIs (compared to epoxies). The data showed large

scatter because as specimens dried, they were strengthened and lasted longer,

increasing the opportunity for further drying and even further life exten-

sion.

Loaded hole static (bearing) strength test results showed that the

bearing strength of both systems gradually decreased with increasing tempera-

ture and moisture content. The ETW bearing strength of IM6/3100 was 62

percent of its CTD strength. The ETW bearing strength of IM6/F650 was 49

percent of its CTD strength.

Loaded hole fatigue testing was performed to determine the fatigue life

to 0.02 inch hole elongation. The systems were compared on the basis of the

stress level corresponding to a fatigue life of 10,000 cycles. Under ETW

conditions, IM6/3100 must be cycled at 79 percent (55 ksi vs 70 ksi) of the
stress level required for a 10,000 cycle life at RTD conditions. The corres-

ponding value for IM6/F650 was 75 percent (45 ksi vs 60 ksi).

Low-velocity impact tests determined that the maximum non-visible damage
energy threshold of IM6/F650 was consistently lower than that of IM6/3100.

The residual compression strength of IM6/F650 in the non-visible damage

condition was also consistently lower than that of IM6/3100.

Visible impact damage tests showed that the impact energy/dent depth

relationships of IM6/3100 and IM6/F650 were similar. Residual compression

strength data showed that after visible damage was produced, IM6/3100 was

stronger than IM6/F650.

Thin laminate impact damage testing also showed that the residual

compression strength of IM6/3100 was greater than that of IM6/F650.

4.2 Testinn and Evaluation - The objective of the test program was to

characterize the laminate structural performance of IM6/3100 and IM6/F650.

4.2.1 Overview - In this program, 318 static tests and 186 fatigue

tests were performed under cold temperature dry (CTD), room temperature dry
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(RTD), and elevated temperature wet (ETW) conditions. The tests were con-

ducted to determine:

"o unnotched laminate strength

"o unloaded hole static strength

"o unloaded hole fatigue life

"o loaded hole static strength

"o loaded hole fatigue life

"o threshold energy for non-visible impact damage

"o thin laminate impact response

"o energy level for visible (0.1 inch dent) impact damage

"o residual compression strength after impact

as suzmmarized in Figure 73.

Test Types Number of
Tests

Unnolohed 48

Unloaded Hole (Static) 36
Unloaded Hole (Fatigue) 130

Loaded Hole (Static) 18
Loaded Hole (Fatigue) 56
Non.Visible Impact Damage Threshold 72
Thin Laminate Impact Damage 72
Visible Impact Damage 72

Total 504

QPM.•44

FIgor 73. Task II Test Matrix

Both fiber and matrix dominated layups were used in Task III testing.

Laminate stacking sequences were:

50/40/10 [+45/0/-45/0/90/0/+45/0/-45/0jns

10/80/10 (+45/-45/+45/-45/90/+45/-45/0/+45/-451ns

where the integer n takes the values of 1, 2, or 4 depending on the thickness

of the laminate.
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For thin laminate impact tests the stacking sequences were:

0/100/0 [+45/-451ns
50/0/50 [0/901ns

where the integer n takes the value of 1, 2, or 3 depending on the thickness

of the laminate.

The following sections describe test results and correlation of anal-

ytical predictions with test results.

4.2.2 Unnotched Laminate Static Testing - Unnotched laminate mechanical

property tests were performed to determine the undamaged strength and stiff-

ness of fiber dominated and matrix dominated BMI laminates. Tension and

compression tests were performed in CTD, RTD. and ETW environments as shown

in the test matrix in Figure 74. The cold temperature for CTD testing was

-65°F. For 1M6/3100 the ETW conditions were 360*F and 0.71 percent (by

weight) moisture content. For IM6/F650 the ETN conditions were 410*F and 0.71

percent moisture content.

Laudkao Env•eMuun NumbrW of
Specimen Type Layup Stati CTO MTO ETW Tabts PW MOaWr•(1)

Unnolclad 50/40/10 T 60 3
T 3T 60 3

C 3
C 3

10/80/10 C 3
C 3

() I - Tonsiom
C - Cu oni

Figure 74. Unnotched Laminate Static Test Matrix
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4.2.2.1 Test Results - The test specimen configurations are shown in

Figure 75. Figure 76 shows a typical failed tension specimen. A failed

compression specimen is shown in Figure 77. The data for unnotched laminate

tension and compression tests are tabulated in Figures 78 and 79 respec-

tively.

10.00

19-00 -

0.75 04.

0"1900 Strain Gage 0.50
i- 3.00 - 1 3.00

~4 P~lies

'UL ~Grip Ta~bs /

6 Plies 7781 G.lass Faibric/13poxy/
Bond With FM,400 Adhesive•

Typical 4 Plac•s/

a) Unmotad Lamn.alate: Tenulon Spelme

6.0

4-5 5

Strain Gage

T4. Plies

b) Unromched Lambb.m Coanpislon Specimn

N41,: All dimen"ios aft In inchsc , Q171344

Figure 75. Unnotchad SbtUc TeOt Specimens
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Figure 76. Failed Unnotched Teoaslon Specimen

Figure 77. Failed Unnotched Comprossion Specimen
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Matemd Speclmen Thickni Wdth Foil um Stresn Failre Stmin Modulus

SyMteral Number (in.) () (1tb) _AVMlp_ Ind __mmgo
Cold Tomperature Bey

- -10A-4 0.2216 1.510 61,400 195.5 14,640 13.31 0.379

IM613100 50/40/10 1.10A-5 0.2224 1.509 65,000 207.1 207.8 14,520 15.000 13.57 13.55 0,383
1-10A'6 0.2247 1.509 69.300 220.8 15,840 13.77 0.423

2-10A-4 0.2198 1.510 59,000 187.9 13,200 13.66 0.389
IMIF650 50/40M 2-10A-5 0,2186 1.510 56,900 181.2 184.0 13,500 13,600 13.08 13.34 0.399

-210A-6 0.2179 1,509 57,400 182.9 14,100 13.28 0.400

he Temwetm Oft
-... . ..... .. , ,,T ,- - - ... ,-... . - ..-

l.10A,1 0.22a9 1509 60.50' 192.8 13.920 13.16 0.406
IM6/3100 50140110 1-10A-2 0.2252 1.510 64.000 203.8 201,0 14,300 14.270 13,74 13.73 0.440

1'10A,3 0.2244 1.508 64,700 2063 14,580 14M0O 0,416

2.10A-1 0,2169 1,509 57.700 183.8 13,500 0.357 0.409
IMUFMS 0/40/10 2,I0A,2 0,2188 1.509 59,400 189.2 192.2 12,240 13,220 13,75 13.83 0.403

2,t0A,3 0.2194 1.509 63,900 203.6 31920 14.16 0.418

9Elm Temerttur Wa

1,IOA.7 0.2257 1.510 3- - 13.4 0501
MV3100 501/40110 ,0kiA.8 0,2233 t.509 53,010 1M 4 176.6 14,310 13.190 12,62 13.04 0.48

IIOA.9 0.2235 1,510 $7,100 II18 13.260 12's os05
2,IA,7 0,2177 1.500 57400 43.0 13,920 12,10 0.403

IM6F650 50140/I0 2-IOAI 0.Q119 I. -1 60,400 192,6 190,3 14,22 14,060 13,29 13.04 0A55
2,10AI- 0,2t M . 61,100 1 14,100 13.22 .041

Figure M8 UnTalched Uanlo eTaul Sltom th OM
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Ma lSpime Thickness W h Failure Failure Stress Failure Strain ModulusMaterial Spp Nmer (in.) (tn Load (ksa) $p*iR./i.uSystem p Number (lb) 'Ad Avrage hId Average Ind Averaip

CaM Temperature Ory

1-108-4 0.2268 1.506 43.050 137.4 12,300 13.03 -
iM6/3100 50/40/10 1-101-5 0 2261 1.505 48.325 154.4 143.7 13,900 12.700 13.42 13.29 -

;-U8-6 02274 1.500 43.490 139.4 11.900 13.41 -

2-108-4 0.2213 1,524 30,830 97.3 9.850 12.88 0.273
ItMTFFI.Q 50/40/t0 2-108-5 0,2208 1.526 31,040 97.8 111.1 8,250 10,330 13.35 13,12 0.258

2-108-6 0.2205 1.512 43,480 138.3 12,900 13.14 0.293

lRe Temperature Ory

1.108-1 0.2266 1.501 35.570 113.5 10.02^0 12.27 0U394
061/3100 50140110 1,108-2 0.2278 1 508 41,630 133.4 123.4 11,400 10,7711 12,33 12.40 0.360

-108-3 0.2285 1.507 38.640 123.3 10,900 12.61 0.365
1.11-1 0.2?4? 1.480 21,410 69.5 15,720 5.2? 0 552

iM6/3tO0 10/80110 1.11?2 0.2253 1 471 21.380 69,9 70,3 15,690 16,010 5,33 5.2? 0.538
1-11.3 0.2241 1.491 22.;u0 71.6 , 16.40 5.21 0.521

2-10t-1 0.1206 .508 43,380 138.5 131560 12.13 0340
1U14/F650 50/44/1C 2-108,2 0.2210 1.503 42J160 134.9 13W.1 12,95 13,110 12.42 12,39 0 354

2-108-3 0.2221 1.405 43,160 137.9 12.810 12.61 0 390

2-11,1 0.2149 1.504 16,660 59.6 13.440 5,17 0.522
UAIM0 1018/10 2-11-2 0.2153 1.503 19.870 63.6 61.1 14.30 1t.U6O 5.16 5.16 0.499

2.11.3 0.216 1 .606 t10.780 60.0 13.40 5.t6 0.498
-Ive~md Teal~l~e Wet

I1.10- 0.1468 1.496 30,780 94.9 - 1139 0,#17
1118/3100 50140110 t-10•,- o0,124 SO .6 3,8 3 00 117.M 101,3 10,400 9,60 13.39 13.31 0.446

1,10819 0.223 tS04w 33,010 ,05.35 6,110 OA5 0.41?

1111.4 0o 12 1 40 151050 4..3 '12015 ,91 0.530
1146*3100 10/010 1VIO 022M? 1.49? -2.0 01, 54.2 14.065, 12j6 5 21 .5,16 0601

114 02245 130 14.570t 48.? 5.3 016.5

2-10O.? 0.2215 510 . ....
1i4/10 P SO0/40/10 2. 1084 02210 I30 31.550 100.6 103.6 0.640 6SA2O 13.11 13.10 0 MO

2.10t,9 0 2108 i.s 33,30 106.6 9.000 13.06 0 394
2-11-4 021V% IO M 4.w 4115 11.200 484 0.532

1146?V60 10410 2.11.5 0.2152 1.504 14,60 41.5 449 - IM.400 487 4A" 0 5W
2-11.6 0.2160 1 S04 133o Q 426 11.610 494 0 53

FIpi. 79. U"Ie L WM CompMeo Sngth Data
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The tension strengths of 50/40/10 laminates are summarized in Figure 80.

The strength of IM6/3100 gradually decreased with increasing temperature and
moisture content. The ETW strength was 85 percent of the CT)D strength.

Figure 80 also shows that the tension strength of IM6/F650 50/40/10

laminates is not as significantly affected by environment as the strength of

IM6/3100. The range of IM6/F650 tensile strengtb.s was only 4 percent com-

pared to 15 percent for I116/3100.

20lota 2O1A E5 E

$I Mength

kii
WS00 

I f/ 
-AAA

FAgus. SO. UnnuciMd 5044 lOWS Lk. 7~n t~rerbn RTmuU
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The compression strengths of 50/40/10 laminates are summarized in Figure

81. Again, increasing temperature and moisture content resulted in gradual

degradation of IM6/3100 strength. The ETW strength was 75 percent of the CTD

strength.

In contrast to IM6/3100, the greatest IM6/F650 compression strength

occurred under RD conditionsý The ETW strength was 76 percent of the RTD

strength.

0.-QRTO
0ETW

1MW31.

Wkt 7- - .

PAgu. SI. Irnotched SWIO1 LWnlns.Conmpuu~s Sim%%t 0*M R~wtt
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Figure 82 summarizes the compression strengths of 10/80/10 laminates.

The EIW compression strength of IM6/3100 was 77 percent of the RTD com-

pression strength. For IM6/F650 the ETW strength was 75 percent of the RTD

strength. These strengths were used as baseline values for comparisons with

residual compression strengths after low-velocity impact.

100
D RTD

75 - 70.3

61.1

Strength 54.2

kst

25

0- -
' LL

ItM/3100 IMO/FSSO

FIgure 62. UnnotcheZ I0/10 eCea 8 Test ileut

4.2.2.2 Analgis Classical lamination theory was used to predict the

wduli of 50/40/10 and 10/80/10 laminates. Figures 83 through 85 show the

correlation of predicted moduli with test data. Predicted values are gen-

erally within 6 percent of the test values.

20] ...

' M TOBI " OyU: 50W401i0

M odulus 12 - ---

CTO ATO O1 TO RTO EYW

Tra.n.o Comomn an

ftgrw $3, OM*noo Lamkfte O Mad,,
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Unnotched laminate stresses were also computed with classical lamination

theory. Laminate failure was predicted by comparing elastic stresses with

material failure criteria on a ply-by-ply basis. The maximum stress and

Tsai-Hill failure criteria were evaluated in correlating predicted strength

with test results. The maximum stress failure criteria evaluates three

stress components independently:

01 02 12

Fl F2  F12

When any of these ratios reach unity, failure is predicted. The Tsai-Hill

failure -critaria evaluates the stress components interactively:

12 + + 2

F1  F2  F12  F1
2

Prediction of laminate strength was done on a last' ply failure basis.

Figure 86 shows an example of predictions, by the Tsai-Hill and maximum

stress criteria, of the series of ply failures leading to ultimate failure.

The 900 plies are predicted to fail first due to weak transverse (matrix)

strength. The ± 450 plies then experience shear failure. Finally, fibers in

the 0QJ plies fail.
Legend
STest

300i-00 OTM TeORin -= 90 Ply Failure
Layup: 50/40/10 QZ.* 45 N Falure

207.8 207.8
200 0

Strength

kal 128,3

100 ----

TSAI-HILL Max Stress

S& S P ofUn u*W ft FdWW Sequece
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Correlation of unnotched laminate tension and compression strength test

results with predicted last ply failure is shown in Figures 87 through 89. In

general, predictions made with the Tsai-Hill failure criteria were conserva-

tive and those made with the maximum stress criteria were higher and uncon-

servative. This difference is an indication of the interactive nature of the

Tsai-Hill criteria and the noninteractive nature of the maximum stress

criteria.

All predictions for 10/80/10 laminate strengths were conservative. This

is due to the conservative shear strengths determined In lamina property

testing, in Task II (Reference 8). Since the 10/80/10 laminates contained a

higher percentage of ± 450 plies than the 50/40/10 laminates, the conserva-

tive lamina shear properties are more apparent.

250 IM300 Layup: 50(40/10 Legen
M Tom

Tol.Hill
2, a2 2111Imax sbmu

200

Strength

ksi VAI

100

50

CTD RTD ETW CTO RTO ETW

F1GUIO Vi. PmdlcIon 01 IM/lO 50/4 0 Lu $ SiWath8
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200 CID Legend
1C4 1o.1 IM6eF650 Layup: 1040/10 m' TestTsJ-HIII

1553lei ISIA Max Stas

150 1.. .. 4

Strength i i0•
100IB10

kso

Tension CoM•uh

Figure Be. Predlci onu of IF6O8 5C40A0 oauflontre a

3O•37

60 4, k.

$62

Strength J.
40 -----
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4.2.3 Unloaded Hole Static Strength - Unloaded hole static strength tests

were performed to determine the notch sensitivity of the two BMI systems.

Fiber dominated 50/40/10 laminates were tested in tension and compression at

three environmental conditions as shown in Figure 90.

Loading Evronulsn
Ludig Ntn"At Number dfSpecimn Type Layup sto C R11D ETW Tua Per MabrW

(1)

Unloaded Hole 50/40/10 T 60 3
T .- 3
T .0' 3
C .,, 3
C .- 3
C a- 3

NMl

CI- CT -Yss

Figur 90. Unloaded Hole Static Teat Matrix

4.2.3.1 Test Results - The unloaded hole test specimen configuration is

shovn in Figure 91. Typical tension and compression specimen failures are

shown in Figures 92 and 93. The data for unloaded hole tension and. compres-

sion static tests are tabulated in Figure 94 and 95 respectively.

O"÷ 0 0 14.00W

/-0o-r, +o_ o-200 D a Protluding KNow sol

-- . . . .. ... .. . .... . .. . ..10 ,0 0

-140 Plis

k*~I4 Am daosnm tofi.gt h st w. Mehtc

Figure 91. Unloaded Hole Telsion and CornVp**in Statie Teat Specimen

88



a

Figure 92. Faised Unloaded Hole Staic Tension SPecimen

specimen

Figure 913. FaUOd Unloaded Hole Statue ComWOS
8 o, Speom

0n
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mateia Specimel Thickness Wdt Mail Failure PO~re Strata Fliurs Strain ModulisSMstem unveonmrnt ClameW Load (khl) In /inSystem Number (in.) (in.) (In.) (Ib) [ad Aveag lod Average

1-10A-13 0.2246 1.510 0.25 38,500 122.6 8,320 13.61
IM6/3100 CTO 1-10A-14 0.2249 1.509 0.25 39,850 127.0 123.6 8.360 8,240 13.56

1-I0A-15 0.2231 1.509 0.25 38.000 121.1 8,040 14.42

2-1OA-13 0.2176 1.507 0.25 42,900 136.9 9.360 13.63
IM6/F650 CTO 2-10A-14 0.2165 1.510 0.25 37.050 118,0 125.3 8,480 8.800 12.98

2-10A-15 0.2162 1.510 0.25 38.050 121.1 8.560 13.32

1-10A-10 0.2243 1.510 0.25 36.350 115.7 71830 13.72
iM6/3100 RTO 1,I1A-11 0.2243 1.510 0.25 37,850 120.5 114.8 8.340 7.930 13.61

1*10A-12 0.2233 1.510 0.25 34,000 108.3 7,620 13.40

2-10A.10 0.2193 1.508 0.25 44.050 140.4 9,300 14.76
lM6/F650 RIO 2.10A.11 0.2201 1.506 0.25 42,500 135.7 136.0 9,260 9,090 13.71

2-1OA-12 0.2196 1.507 0.25 41,300 131.8 8.700 14.99

!.IOA-16 0.2217 1.509 0.25 33.500 106.7 7.385 13.79
IM6/3100 ETW ,10A.A17 0.2149 1.510 0.25 35,400 112.7 114.2 7.245 7.640 14.73

1,IOA,18 0.2231 1.499 0.25 38.400 123.2 8.295 14,10

2.10A.16 0.2170 1.509 0.25 41.200 131.3 8,595 13.05
IM61F650 ETW 2.10A,17 0.2163 150 0.25 41.100 132.6 131,5 8,260 8,480 14.34

2,t0A18 0,2157 1.508 0.25 41.000 130.7 8,50 13.37

W9rI443344,

Figure 04. Unloaded Hote Tension Test Data
Layup 50I40110

uMs, 906ce TWM w"w•. Y* hum rO, Mh Ifae follw 111610 m

so (M.____ _) 00.1 (101) 0111) Il e•we I•stAwep '

1.IA'22 021211 1 497 0.25 24,900 AD.0 6,000 13.73
1103100 CID 2,10,43 • 2223 1 495 05 25.100 02.6 648. ,1•0 6.34 14 23

I I1A.24 0 U44 1.503 0,25 2,!00 I1ll 7l,0 4 I1

2,4OA022 02184 1510 0,25 2M.500 84.4 6.210 13,32
(WtIR CID 2,14A-23 02143 1.510 0.25 8.8506 90.9 ad0.0 0.5 010 4M 0'1A

2,IQA,24 021M0 1510 0.25 ,W.350 S4,1 5.260 13.61

'-IA.10, 9 022U Ill4 0.U5 23.900 76.1 6,.40 13.66
I 61,31O 11O " lCA-20 0 224 1 406 0 25 22.700 130 71.6 6.120 6.100 1365

1110A.21 02245 1496 0,25 14.000 7?.1 6,.M 13 0

2-,DA-19 0 271 11 0olm 20.650 058 54,310 13,68
tm)646d5 ATO 2-IOA-20 0.2117 I50 025 223540 11.1M 6,6 4AU30 5.010 13.73

2,IOA,21 0.2496 1.5t0 015 22,350 71.2 4.O00 13.96

1- 13A'?S 0 2238 1 506 0.25 13.3$0 42.6 3.220 13 39
,I&13100 ETW I.-06.26 0.2217 1 49 0 25 14.140 45.4 4.2 3.000 33.3N l4 25

I10A.27 0.2226 I 50.1 0.2 14.920 47?. 3.125 1329

2.10A,25 0 2190 I 509 0.25 14,900 4'.5 3160 13 4d
WO1./OD50 V1W 2.IOA,26 0 2180 1510 0.25 14,200 452 46.4 3.600 1,630 13 13

2.ICA.27 0 2149 1.508 0.25 14,50 4.4 ,1,615 1361

Figure 9L Unloaded Hole Conpresson T.1 Data
Lsyup 50/4O/10
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Figure 96 summarizes the tensile strength reduction caused by the

fastener hole in both 116/3100 and If6/F650 laminates. The notched tensile

strength of IH6/3100 was approximately 40 percent less than the unnotched

strength. The notched tensile strength of IH6/F650 was approximately 30

percent less than the unnotched strength.
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Similarly, Figure 97 sumarizes the compression strength reduction

caused by the fastener hole. The notched compression strength of IM6/3100 and

IM6/F650 at CTD and RTD conditions was generally 30 percent to 40 percent

less than the unnotched compression strengths. At ETN conditions, the

notched compression strengths of IM6/3100 and IM6/F650 were less than half

(approximately 43 percent) of the unnotched strengths.

20 Unnotciid

Layup: 50140/10

strngth• 10,. .

WT 84.8W cm r~ 1

I•3,4

•¢englh 6, 1070 1,
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4.2.3.2 Analysis - Unloaded hole strength predictions were performed

using the "Bolted Joint Stress Field Model" (BJSFH) (Reference 9), outlined

in Figure 98. This methodology is based upon classical lamination plate

theory and anisotropic theory of elasticity to obtain laminate stress and

strain distributions, and a characteristic dimension (R c) failure hypothesis.

Unidirectional (lamina) stiffness and strength data were used with an empir-

ical value of Rc to predict stress distributions, critical plies, failure

location, and failure load.

hwut Date
* Unkdlrecl4ona Mechanical Prope"i,8
* Geometries
* Loadlngs

Output Dat
* StressAitrain DISVrIbuIIOns

F ailure Analysis
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Both the Tsai-Hill and maximum -tress failure criteria were used to

predict unloaded hole strengths. The strengths were predicted with the last

ply failure analysis, as previously used to predict unnotched strengths. As

plies were predicted to fail due to matrix tension or shear, the modulus

corresponding to the failure mode was reduced by a factor of 1000 to repre-

sent the lack of load carrying capability. The analysis was continued, until

finally the 0* fibers were predicted to fail near the side of the hole. The

Tsai-Hill and maximum stress failure criteria predicted equal ultimate

strengths and similar failure modes. This was due to the analytic removal of

matrix and shear load capability that would have distinguished the inter-

active Tsai-Hill predictionsu from the noninteractive maximum stress predic-

t ions.

Figure 99 illustrates the variation of predicted notched strength with

Rc value. Under CTD conditions, the RB value of 0.036 inch correctly predicts

the notched tension strength of 124 ksi. To correctly predict the notched

compression strength of 85 ksi, the Rc value of 0.029 inch must be used.

tM63100 CTO EnvrO130

Teui

Tso

e 0 Cflln6hf.. . .03 - TujRes~
7 0 .. . . . . . . . .. .
04010 0.015 0.020 0.025 0.030 0.033 0.040 0.045 0.050

Rc-indw

Figure S&. De oleinon W AC Vales for Unlded Hole $Uwngtb PetdlUo
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Figure 100 summarizes the results for IM6/3100 and IM6/F650 at three

environments. Under RTD conditions no reasonably small value of R corre-

lated with the IM6/F650 tension strength of 136 ksi. The R value of 0.28

inch is too large to consider the failure correlation point as being close to

the edge of a 0.25 inch hole. Under ETW conditions, tension strengths for

IM6/3100 and IM6/F650 were not predicted for any value of R .

IM613100 IMSIF650

CTD RTD ETW CTD RTD ETW

Tension RC (in.) 0.036 0.029 Large 0.072 0.280 Large

Ftu (ksl) 123.6 114.8 114.2 125.3 138.0 131.5

Rc (in.) 0.029 0.032 0.063 0.023 0.018 0.087
Fcu (ksl) 84.8 75.6 45.2 80.0 69.6 48.4

GPTS4W•.774

Figure 100. R. Values Used to Piedlot Unloaded Hole Laminate Strengths

4.2.4 Unloaded Hole Fatigue Life - Unloaded hole fatigue tests were

performed to determine the durability of the two BMI system. Fiber dominated

50/40/10 laminates were tested in compression-compression (R w 10) and

reversed loading (R - -1) fatigue cycling at three environmental conditions

as shown in Figure 101.

Loodial E,*ummut

Specimen Type tsltt NeMW W
Layup sonat itn. CTO ITO EIW T"l 0 10Meui

Rise LeOW

Unloaded Hole 50140/10 -1.0 L, - 5+ 10)
-1,0 L, , 0 5+10
-1.0 L2 5
-1.0 L2 to 5

S- 1.0 L2 ,0 5

10.0 L, - 5
- 10,0 L ,, 5+10)

10,0 I, ,0 5
10.0 L2 60 5
10.0 L2 60 5
10.0 L2 6, 5

Noat' (1• TBE enancad xays lo be Wi n 'At V.. 1 . WWU J .

Figure 101. Unloaded Hole Fatigue Test Matrix
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4.2.4.1 Test Results - The unloaded hole fatigui test specimen config-

uration is shown in Figure 102. A typical failure is depicted in Figure 103.

Figure 104 shows the progression of damage that precedes unloaded hole

fatigue failure. The enhanced X-rays show that matrix cracking initially

occurs along fibers, as evidenced by vertical and ±450 lines near the hole

edge. Next the cracks coalesce into delaminations which show up as white

cloudy areas. The delaminations occur both at the hole edge and at the outer

edges of the specimen. The unloaded hole fatigue life data are tabulated in

Figures 105 through 107. The data are plotted in Figures 108 through 110.

Each plot shows the static compression strength plotted at a life of 1 cycle.

-7.00--
0.250 -+0,0014 Dia Hole

3.--3.50 -M

0 .2495 + 0.0000 Dia Protruding Head Bolt-0.0009

-9 45" 1.50

---1.40 • .... ,80

4500 Plies

Figure 102. Unloaded Hole Fatigue Test Specimen

Figure 103 Failed Unloaded Hole Faltgue Specimen
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Figure 104. Progression of Unloaded Hole Fatigue Damage
(Enhanoed X.Rays)



Me•zrial Specimen Stress Load Strs Thicknes Width NwHl Los Ug Mean
System Number fistic Level Level (i.) ( ia 11meter (Cycles) U

(kips) (ki,) (in.) M(Cyle)
1-10A-44U 0.225 1.510 0.250 200
1-10A.45U 0,225 1.509 0.250 301

IM6/3100 1-10A-46U 10.0 23.8 76.3 0.224 1.510 0.250 91 25C
1-10A-47U 0.225 1.511 0.250 46
1-10A.48U 0.225 1.509 0.250 3,910
1-10B.8U 0.227 1.503 0.250 77,400
1-1nB-gU 0,226 1.501 0.250 73,764

IM6/3100 1-10B.10U 10.0 20.4 65.4 0.226 1.509 0.250 7,741 40,134
1-10B-11U 0.225 1.510 0,250 210,000+
1-10B-12U 0,226 1.509 0.250 11,219
1-10A-11U 0.225 1.508 0.250 1,222
1*10A-12U 0.223 1.508 0.250 97

IM613100 1.1)OA*1,U -1.0 22.6 72.5 0.223 1.507 0.250 1,559 1.281
1.10A.14U 0.225 1.506 0.250 6,595
1.10A-1511 0,225 1,509 0.250 2,829
I-IOA-25U 0.225 1.501 0.250 34,554

.1IOA-26U 0.222 1.503 0.250 12,740
IM./31')0 1.IOA-27" -1.0 20.4 65.4 0.223 1,504 0.250 9,752 15,567

1.10A-28U 0.225 1.501 0.250 50,508
1.IOA.29U 0.224 1.510 0.250 4,216
2O10A41lU 0.217 1.509 0.250 190
2-10A.42U 0,219 1.510 0.250 1,352

IM6/F650 2.IOA.43U 10.0 20.4 65.4 P.219 1,509 0,250 522 591
2,10A.44U 0.220 1,507 0.250 271
2.10A.45U 0.221 1.508 0,250 1,984

2t10B.U 0.220 1.506 0.250 49,032
2-10-B6U J.220 1.506 0,250 17,294

1M6/F650 2-10B.7U 10.0 19.3 62.0 0,221 1.505 3.250 7,273 9,180
2.108.8,1 0.221 1.5u, 0.250 9,145
2-108'9U 0,221 1,510 0.250 1,156

2.OAA9U 0.219 1,509 0.250 7,124
2-10A-tOU 0.220 .108 0.250 449

IM6/F650 2.10A011U -• 1.0 20.4 65.4 0.220 1.509 0,250 3,909 1,67
2.10A-12U - 0,220 1,0b"9 0.250 493
210A.13U 0.219 1 1;3 0.250 2,15i
2;1OA.25U .0.219 1 407 0.250 21,340
2.10-266U 0,219 1,507 0,250 10,333

IM6/F650 2.10A.27U -1.0 19.3 62.0 0,91; .•jO7 0.250 1,789 2,316
2-O1A-28U 0.22, 1,506 0,250 2,868
2.I0A.29U 0,220 1,507 0,250 67

Figure 10L Unloaded Hole Fatigue Data for CI 0 Conditions
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b Mateal Speimon Stres Load Stress Thickness Width oleUrLog MeanMaterial Speime Stres Lett er Lose
System Number Rais (kips) (ki) (in.) (in.) (In.) (Cycles) (Cycls)

1-IOA-41U 0.225 1.508 0.250 4,954
1-10A-42U 0,225 1.511 0.250 8,860

IM6/3100 1-10B-21U 10.0 21.2 68.0 0.227 1.513 0.250 13,476 6,295
1-10A-43U 0.223 1.512 0.250 10,226
1-100-4U 0.227 1.503 0.250 1,634
1-10A-1U 0.223 1.508 0.250 12,578
1-10A-2U 0.223 1.510 0.250 4,581

1M6/3100 1-10A-3U 10.0 20.4 65.4 0.225 1.512 0.250 9931 16,9981-10B-5U 0.227 1.502 0.250 34,508
1-108-6U 0.226 1.502 0.250 272,890
1-10B-7U 0.226 1.504 0.250 4,477
1-1OA-4U 0.225 1.512 0.250 3,724
1-10A-SU 0.223 1,511 0.250 6,753

IM6/3100 1-10A-6U -1.0 21.2 88.0 0.224 1.511 0.250 906 2,391
1-10A-TU 0.225 1.510 0.250 1,493
t-10A-BU 0.225 1.510 0.250 2,296
I.I0A-20U 0,225 1.503 0.250 58,788
1-IOA-211J 0,225 1.488 0.250 20,258

iM6/3100 1-IOA-22U -1,0 19.3 62,0 0.222 1,501 0,250 2,569 12,870
1.10A-23U 0,223 1,503 0.250 28,869
1-10A-24U 0,226 1.500 0,250 3,998
2.I1A-38U 0,219 1.485 0.250 1,111

IM6/F650 2.10A-40U 10,0 20.4 65.4 0.217 1.509 0,250 1,019 8452-108.21U 0.221 1,525 0.250 859
2-108-22U 0.220 1.525 0.250 525
2.10A.51U 0,215 1.507 0,250 352
2.108.1U 0,218 1.508 0.250 583

IM6WF650 2-108-2U 10.0 19.3 62.0 0,220 1.505 0,250 1,029 1,014
2.108.3U 0.220 1.506 0.250 964
2.108.4U 0.220 1.507 0,250 5,268
2.10A-IU 0.216 1t503 0,250 833
2.10A.2U 0,218 1,508 0.250 1,875

IM61-650 2-1OA.3U -1,0 20.4 65.4 0.219 1,609 0.250 4,258 1,323
2-10A.4U 0,220 1.508 0.250 199
2-!0A-5U 0.219 1,50? 0.250 4,947

210A-20U 0.219 1,506 0.260 18,088
2-IOA-21U 0,220 1.508 0.250 8,493

IM61F650 2.10A.22U -1.0 19.3 62.0 0.218 1508 0.250 7,584 7,257
2.10A-23U 0.218 1.506 0,250 4,519
2.10A-24U 0.218 1,507 (P.250 3,824

Flgure 106. Unloaded Hole FaItgue Data ftr RTD Condltonsr
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Material Specimen Stress Levelad Str Thickness Width ate UfSystem Number Ratio (kips) (kvl (in.) (in.) (in.) (Cycles)

1M6/3100 1-1OB-1U 10.0 14.3 45.8 0.223 1.504 0.250 68,440
1-108-2U 14.3 45.8 0.226 1.499 0.250 1
1-1OA-49U 14.2 45.5 0.224 1.510 0.250 10

IM6/3100 1-1OA-50U 10.0 14.2 45.5 0.222 1.510 0.250 170
1-1OA-51U 14.2 45.5 0.221 1.508 0.250 3,860
1-10B-13U 14.0 44.9 0.226 1.507 0.250 5,980

1M6/3100 1-108-14U 10.0 14.0 44.9 0.226 1.507 0.250 756,000+
1-10A-33U 14.0 44,9 0.223 1.509 0.250 19,890
1-1OA-34U 14.0 44.9 0.220 1.508 0,250 90
1-1OA-32U 12.4 39.7 0.225 1.510 0.250 5.880

1M6/3100 1-10B-15U -1.0 12,4 39.7 0.227 1.506 0.250 8,610
1-10B-16U 12.4 39.7 0.228 1.505 0,250 10,750
1-10B-17U 12.4 39.7 0.225 1.506 0.250 2,070

IM6/3100 1-10A-17U - 11.1 35.6 0.221 1.511 0.250 108,040
1-1OA-18U 11.1 35.6 0.223 1.499 0.250 410,000+

IM6/3100 1-10A-29U -1.0 10.5 33.7 0.224 1.510 0.250 40
IM6/3100 1.OA.30U -1.0 10.0 32.1 0.224 1.509 0.250 3.080

1-1OA-31U 10.0 32.1 0.225 1.509 0.250 238.170

2-IOA-47U 14,5 46,5 0,219 1,506 0.250 150

IM6/F650 2-1OA-48U 10.0 14.5 46.5 0.217 1.504 0,250 120
2-1OA-49U 14.5 46.5 0.216 1.504 0.250 tO
2-10A.50U 14.5 46,5 0.217 1.504 0.250 7,700
2.10B.13U 14.3 45.8 0.221 1.508 0.250 86.180

IM6/F650 2.10B14U 10.0 14.3 45.8 0.218 1.524 0.250 858.000+
2.-IOA46U 14,3 45.8 0,221 1.506 0,250 430,250

2.10A.14U 13.9 44.0 0.217 1.509 0,250 7,670
2.IOA.34U 13.9 44.6 0,217 1.508 0.250 67,090

IM6/F650 2-108-.OU 10,0 13.9 44.6 0.221 1.507 0.250 148,280
2.108.11U 13.9 44.6 0,221 1.508 0.250 710,200+
2.108.12U 13.9 44.6 0.222 1.508 0.250 748,240+

IMO/W650 2.10A-33U 10.0 13.8 44.2 0.218 1.501 0.250 700.000+
IMO/FO50 2.tOA.15U 10.0 13.5 43.3 0.218 1.509 0.250 705,0004+

2,IOA-30U 14.4 46.2 0.219 1,508 0,250 1,000
2.10A.31U 14.4 46.2 0.218 1,508 0,250 210

IM6/F650 2.10A.32U -1.0 14.4 46.2 0.219 1.503 0.250 1,870
2.106.30U 14.4 46.2 0.220 1.505 0.250 25,270.
2.108.31U 14.4 46.2 0.219 1.508 0.250 250
2.10A.21U 14.0 44.9 0.221 1.506 0.250 3.060
2-tOA-29U 14.0 44.9 0.220 1.507 0.250 587.890+

IM6/F650 2.108.32U -1.0 14.0 44.9 0.219 1.503 0.250 2.010
2-108331. 14.0 44.9 0,218 1,507 0.250 14,810
2-108.34U 14.0 44.9 0.211 1.508 0.250 12,920

Figure 107. Unloaded Hole FaUgue Data for ETW ConditioUs
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The CTD and RTD fatigue data in Figures 108 and 109 are plotted in terms

of the log mean life centered in its 90 percent confidence interval. Each

figure includes two fatigue data plots. The first plot shows data for R - 10

and the second shows data for R = -1. Comparing the plots in each figure

indicates that IM6/3100 experienced longer lives during compression-only (R =

10) cycling than reversed (R = -1) cycling. One explanation for this be-

havior is that IM6/3100 is matrix crack dominated in fatigue. Under compres-

sion-only conditions, matrix cracks will not reduce life, whereas under

reversed loading, matrix cracks grow due to tensile loading thus reducing

life.

In contrast to the behavior of IM6/3100, IM6/F650 showed no extension of

life during compression-only cycling compared to reversed cycling. IM6/F650

sustained equal peak compression loads for both R - 10 and R - -1 cycling.

Perhaps, life was controlled by delamination growth with compression loading.

Failure would then occur when delaminations driven by peak compression

loading grew to a critical size.

In Figure 110 the ETW fatigue data are plotted as Indivitdual points

because of the large life scatter that occurred. The increased scatter is

attributed to the loss of moisture in the specimens during elevated tempera-

ture testing. The high diffusivity of the BMI materials resulted in rapid

desiccation of the specimens. Specimens that did not fail early (in less than

4000 cycles) survived longer-than-appropriate lives because of the increased

strength in the dry condition.

4.2.4.2 Analysis - The fatigue data for CTD and RTD conditions was

analyzed to determine the log mean life and its 90 percent confidence inter-

val for each stress level. A statistical analysis was performed on the

fatigue data to determine the 90 percent confidence interval for each set of

data. There is 90 percent probability that the mean life of specimens testid

at the indicated stress level will be within the range defined by the 90

percent confidence interval.
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a) Unloaded Hole Fatigue Teat Reeults: R a 10
100 1....

CTD 0 iMeWIoo •

Stress 
804-

Amplitude

ksi

80 -- 1- -ilt

40 .inhmL ni* mlmlm p I urni*1 ... h.i. .wihIinLL mIuJi i

1 10 102 100 104 105 106
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b) Unloaded Hole Fatigue Teat Rault: R --1
100 - •

IOO - cID 0 IM6/3100
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1 10 102 103 106 1 0 t0
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Figure 108. Unloaded Hole ftalgue Tod Roatat
for CTD Condloa
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a) Unloaded Hole Fatigue Tet Reaults: R u 10
10011

RrD 0 IM8i3100
A IM/F650
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b) Unloaded Hole Fatigue Teat Results: R a -1
100 - -
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Figure 10. Unloaded Hole Fatigue Tedt Reults
for RTO Condltons
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a) Unloaded Hole Fatigue Test Results: R a 10

80 1
ETIN 0 Imam, o

Stress
ksl Oc

40 --

1 10 10 03 104 105 10
N.Cyotea to Failure

b) Unloaded Hole Fatigue Test Results: Ru I
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60-
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1 10 102 l0s 104 iOs lot
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Founille11. Wnooded Hole Fatig~w Togt Rwta for EN .ConditOws
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4.2.5 Loaded Hole Static Strength - Loaded hole static strength tests

were performed to determine the fastener bearing strength of the BMI systems.

Fiber dominated 50/40/10 laminates were tested at three environmental condi-

tions as shown in Figure 111.

4.2.5.1 Test Results - The loaded hole test specimen is shown in Figure

112. The loaded hole test setup is shown in Figure 113. With this setup, the

bearing load is introduced in double shear to obtain uniform bearing stress

through the thickness of the laminate. A typical failed specimen is shown in

Figure 114. Test data for loaded hole static tests are tabulated in Figure

115.

Loading Enwvro~mpt

S1-iimen TyV Lay" p $Y CTO ATO ETW TOt8 Iw Malal

Loaded Hole 50/40/10 T 6 3
T 60 3
T 6, 3

Flgure I11.I Loade Hole Statlo Tet MOU

I. 125"•0:1..1.'3 /-0* Strain Gage
80' ,41 2, ,, ... .

* L.
0.375 + 0:04 i;Nt

L0.31,50 + 0-0000 DIA HroledngHdBl
-0.0000

40Plies

T
Flgue 112. Loaded Hole StAtlo Test Specimen
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r-- Steel Load
\3/00 -,- BlockP

Steel Load [Bnui ng for
Block Load Block

.,- Bolt, Nut, V .. .. 11
_ -Washer, and

Strain Bushing Steel B
Gage g Details Bolt

e -Test Specimen Flat Washers as
"Required to Keep
Face of BLehing
Flush With Surface

Hydraulic Grip of of Load Block/ Test Machine Bolt, Nut, (Typical 2 Places)
Washer, and

Bushing Details [,Test Specimen

Figure 13. Loaded Hole Test Setup

Figure 1-14, Failed Loaded Holo Static Spoifton
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mru FaJIus Stma. FuMr
Materal Spwima anT VPIU h Kok Fo Faflurep t PldN Stromsym EVIM hm Lud NO• fkal) ZdL)

Syz Zntmm Nu~r U,) (U. ON.) Vb)
1 Fd Avg t1d Avg. !ad Avg

1-108-4L 0.2284 2.255 0.375 9.450 20.1 121.2 1.380
WM613100 CTO 1.108,5L 0.2287 2.255 0.375 9,260 19.7 19.7 118.7 118.8 1.404 11376

1,108,6L 0.2282 2.255 0.375 9M090 19,4 116,5 1.344

2-108,4L 0.2205 2.253 0.375 8.650 18,5 110.9 1,236
iU6/F650 CTD 2-108,•51 0.2209 2.254 0.375 7,670 16.4 17,2 98.3 103.3 1,164 1,200

2,108,•Bt 0.2215 2.252 0,375 7.M50 16.8 100.6 1.200
1-10t8,L 0.22M8 21255 0.375 7.800 16,6 100.0 1,164

IM6/3100 ATO 1,108-2L 0.2273 2.256 0.375 9,140 19,5 18.4 117.2 110.7 1,440 1.324
1-108,3L 0,2284 2.256 0.375 8,960 19.1 114,9 1,368
2-108-IL 0.2183 2,249 01375 7,380 15.8 94.6 11188

IM16i650 RTI 2-100,2t 0.2201 2.253 0.375 7.700 16.4 16A S 98,7 99.3 1,212 1.236
2-108.3L 0.2205 2255 0.375 8,160 "17.4 10416 1.308
1,10087L 0.2210 2,251 0.375 5.700 12.2 73.1 870

iM613100 ,TW I1-08,8L 0.2205 2.252 0.375 5,910 12.7 12,3 76.5 73,8 M52 838
1,!08,91 0.2288 21244 0,375 5.600 12,0 71,6 792
2-10847L 0U2209 21254 .0315 2,930 625 3PI6 372

IU6/W650 ETW 2,1084,L 0,2205 2.254 0.315 4,730 10.1 8,35 60.6 50.2 696 540
2,1084. 0.220m 2.254 0,37$ 4.080 8.70. 52.3 552

igure 116. Loaded Hote Stolle Test Data
Pure Baring Test Results

Layup: 50W40110
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The bearing strengths of both systems are summarized in Figure 116.

Bearing strength gradually decreased with increasing temperature and moisture

content. The RTD bearing strength of 1M6/3100 was 93 percent of the CTD

bearing strength. Under ETW conditions the bearing strength of IM6/3100 was

62 percent of the CTD strength. The RTD and ETW bearing strengths of

LH6/F650 were 96 percent and 49 percent of the CTD strength, respectively.

200 OCM! Layup : 5040/110
too 0 AMEM ETW
180

140-

98~g120 110.7
8ma~n • -103.3

100
kt 80-

60 50.2

40

n-n

Rgusm 11C. Loaded HM(Owel*a Simagi 11d Resule

4.2.5.2 Analysis - Loaded hole strength predictions were made using

BJSin. The analyses predicted that initially the laminate experienced matrix

compression and shear failures of all plies. Ultima ely, the loaded hole

laminate was predicted .to experience fiber compression failure of ±450 plies

at locations 400 from the load line.

Figure 117 amariaes the Rc values used to predict the loaded hole

strengths. The data is included along vith the unloaded hole R values

already reported. In general, the Rc value for predicting loaded hole

strength is greater than the R. value for predicting unloaded hole strength.
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IM/3100 1M61F6650

CTD RTD ETW CTD RTD ETW

Tension R, (in.) 0.036 0.029 Large 0.072 0.280 Large
Ftu (ksl) 123.6 114.8 114.2 125.3 136.0 131.5

Compression R. (In.) 0.029 0.032 0.063 0.023 0.011 0.087
Fcu (ksi) 84.8 75.6 45.2 80.0 69.6 46.4

Bearing R. (in.) 0.075 0.089 0.134 0.048 0.047 0.078
Fbru 118.8 110.7 73.8 103.3 99.3 50.2

GP?3t.06243•R

Figure 117. R. Values Used to Predict Unloaded and
Loaded Hole Laminate Strengths

4.2.6 Loaded Hole Fatigue Life (Hole Wear) - Loaded hole fatigue tests

were performed to d.:-termine the hole wear" characteristics of the two BMI

systems. Fiber dominated 50/40/10 laminates were tested in compression-only

(R = 10) and reversed ioading (R = -1) fatigue cycling at two environmental

conditions as shown in Figure 118.

Loadng Envlrument

Specimen Typa iyup Fatgue Number 0

Stress Shriu CTO RTO MW'V Tub Pi !

Loaded Hole 50/40/10 -1,0 Li bo 3+201
-1,0 L1  60 3+11')
-1.0 Lý ,, 3
-1,0 Lz 0, 3
10,0 L, 3 + it)
10.0 1.1 3
10.0 L2 3
10.0 L2 ,3

Note: (0) TBE enharvtd x-ray, to (a b aken W 'A , W % toW W

Flguve 118. Loaded Hole Fatigue Test Matix
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4,2.6.1 Data Reduction - Loaded hole fatigue failure was defined as the

act-muladioa of 0.02 Inch hole elongation. Stiffness and deflection was
monitore6 periodically during each test. Hole elongation measurements were

obtained using the data reduction procedure shown in Figure 119. Typical

accumulation of hole elongation with istigue cycling is shown in Figure 120.

For much of the specimen life, little or no hole elongation was observed,

until there was a rapid increase nsar the eud of life.

P

I -Tension
I I

\_ .. .- .-

Spring
I Rate

"$ivia Head NtD eflection- Hole•

Diff action IElongation

0 I Local Load=-
_.. - .Deflection

cornpmulo Spring

P Load V" Diaplcawent Cur"

Figure 119. No*e Einapgon Oteimkwd by Shift In Load Waptawement Cure
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a) IM613100 Fbf
0.086 - (k*Q )

D RTD,R=10 79.6
0 RTM,R=-1 76.9

A ETW,R=10 60.9

0 ETWR=-1 55.4

0.04

Hole
Elongation

in.

0.02

100 101 102 103 104 10' 106

NCyoles

b) IMSIFSSO •w
0.08 -- (h•-s)

oRTDRuIO 108.4
SRTO.Ra--1 09.6

EA TWR. R10 4.2
0 ETW.r•u-1 44.

0.04 -...- - -

Hole
Elongation

In,

0.02

0 j . ~ J.LL1 I A -11AUU .LLL1
10o 101'' 1;3 104o' o0o

N-Cyolea

Figure 120. Loaded HNoF Elongation Meaeurements Show Rapd
kwaw Near End ot Ufa
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4.2.6.2 Test Results - The same specimen configuration that was used in

static tests was used in fatigue tests (Figure 121). Typical failed specimens

are shown in Figure 122. For RTD conditions, stress ratio effects were not

apparent. Compression- only (R = 10) cycling and reversed (R = -1) cycling

produced failures only on one side of the hole, like that shown in Figure

122a. Under ETW conditions, however, stress ratio effects were evident

where R = 10 cycling produced one-sided hole wear and R = -1 cycling produced

two-sided hole wear as shown in Figure 122b. Figure 123 shows the progres-

sion of damage that leads to loaded hole fatigue failure. Loaded hole

fatigue failure is preceded by local matrix crushing at the bearing surfaces
of the hole. The X-rays show that the area of crushed matrix gradually grows

until the hole wears out (0.02 inch elongation). Data for the loaded hole

fatigue tests are tabulated in Figures 124 and 125. The data are plotted in

Figures 126 and 127. Each plot shows the static bearing strength plotted at a

life of one cycle.

7.50

25 01.125

/0 2.25

0.3760 + 0,0014 Di. Hole-0.0000 uaHl

0.3745 + 0.00090 Da Protruding Head Bolt

FIgure 121. Loaded Hole Fatigue Test Specimen
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a) RTD

Figure 122. Failed Loaded Hole Fatigue Specimens
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Ad

0 Life

114 Life 112 Life

Figure 123. Progression of Loaded Hote Fatigue Damage
(Enhanced X.Rays)
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Load Baring Hole Ufe Log
Material Specimen stress Stress Thicknes Width Maan
System Number Ratio L evel (in.) (in.) im star (Cycles) UfeS m11) (kai) (in.) (1) (Cycles)

1-10B-32 0.224 2.254 0.375 8,600
IM6/3100 1-108-33 10 5,530 70.9 0.227 2.255 0.375 8,380 7,550

1-101-34 0.227 2.248 0.375 5,960

1-108-25 0.226 2.255 0.375 1,070
IM6/3100 1-108-26 10 6,210 79.6 0.226 2.256 0.375 3.920 2,160

1-10B-27 0.228 2.255 0.375 2,390

1.108-19 0,228 2U254 0.375 4,940
IM6/3100 1-108-20 -1 5.620 . 72.1 0,228 2.252 0.375 4,990 4,550

1-108-21 0.228 2.252 0,375 3,830

1-108-10 0.228 2.254 0.375 1,490
iM6/3100 1-108-11 - 1 6,000 76.9 0.229 2.254 0.375 1,690 1,750

1.109.12 0.228 2.253 0,375 2,120

2-108-32 0.222 2.258 0.375 9,600
IM6/F650 2-108.33 10 4,790 61.4 0.221 2.258 0.375 11,320 11,300

2.108-34 0,221 2.252 0,375 13,260

2.108.25 0,221 2,255 0.375 4,230
IM6/F650 2-106-26 10 5,410 69.4 0,222 2.256 0,375 1,500 2,830

2-108-27 0.223 2.257 0.375 3,570

2-108-13 0.220 2.254 0,375 19,999
IM6/F650 2.108-14 - 1 4,520 57,9 0.220 2.254 0,375 21,830 17,180

2.108-21 0.221 2.253 0.375 11.610

2-10B-10 0,221 2.248 0,375 2,090
IM61F650 2-108.11 - 1 5.420 69.5 0,222 2.245 0,375 3,000 1,850

2.108-12 0.219 2.253 0.375 1,010

It, {1Ld 10 0.02 Wr. at10f 00%"

Figure 124. Loaded Note Fatigue Teal Data for RTD Condtlons
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Load Baring Hole Ufe
Material Specimen Stress l Stress Thickness Width Diameter (Cycles)
System Number Ratio (b) l) n.) (in.) (in.) (1)

1-108-35 4,750 60.9 0.228 2.256 0.375 1,470
IM6/3100 1-108-36 10 4,200 53.8 0.228 2.258 0.375 33,200

1-108-37 4,200 53.8 0.226 2.255 0.375 4,650

1-108-29 5,000 64.1 0.226 2.254 0.375 990
IM6/3100 1-108-30 10 5,200 66.7 0.227 2.255 0.375 620

1-108-31 5,200 66.7. 0.226 2.254 0.375 100
1-108-22 3,800 48.7 0,228 2.252 0.375 139,000+

IM6/3100 1-108-23 -1 4,100 52.6 0.226 2,253 0.375 30,000+
1-10B-24 4,250 54.5 0.226 2.252 0.375 7,430

1-108-15 4,320 55.4 0.227 2.251 0.375 190
IM6/3100 1-108-16 -1 4,320 55.4 0.227 2.252 0.375 260

1-10B-17 4.320 55.4 0,226 2.251 0.375 3,650

2-10B.29 3,600 46.2 0.222 2.257 0.375 3,880
IM6/F650 2-108-30 10 3,600 46.2 0.222 2.257 0.375 7.600

2-108-31 3,000 46.2 0.222 2.257 0.375 77,000+

2-IOB-35 4,000 51.3 0,222 2.257 0.375 3,330
IM6/F650 2.108-36 10 3,200 41,0 0,221 2.257 0.375 5,230

2-109-37 3,200 41.0 0.222 2.256 0.375 69,700+

2-108,24 2,730 35.0 0.220 2,254 0,375 82,100
IM6/F650 2.108-S10 -1 2,900 37,2 0.220 2.258 0.375 272,500+

2.108-S1l 3,100 39,7 0,221 2.256 0.375 107,200

2-108-16 3,520 45.1 0,222 2.253 0.375 60
IM6/F650 2.108-812 -1 3,500 44,9 0.219 2,257 0,375 250

2-108-S13 3,500 44.9 0,222 2,259 0,375 170

Figure 125. Loaded Hole Fatigue Telt Data for ETW Conditions

The data in Figure 126 is for RTD testing. The data is plotted in terms

of the log mean life surrounded by its 90 percent confidence interval deter-

mined for each data set. The data show that under RTD conditions there is no

stress ratio (R) effect on fatigue life. Compression-only (R a 10) and

reversed (H a -1) cycling resulted in similar lives for both materials. An

explanation for this behavior is that the failure mode was dominated by

localized matrix crushing due to bearing loads. Once hole wear initiated in

the brittle matrix, damage progressed rapidly. The sense of the loading,

whether it was tension or compression, was irrelevant.
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a) Loaded Hole Fatigue Test Results: R= 10
115 1

RTO Imi•0oo

I A 1M6F150

95
Bearing
Stress

ksl

75

55 1 I'l l 1 1 111 I-Li ll I fill 1 1 II..L.L
1 10 102 103 104 105 106

N.Cycis to 0.02 In. Hole Elongation

b) Loaded Hole Fatigue Test Results: R - I

115 - 1
RTO 1M113100

A NOW~P

95-

Bearing
Stress

kal

75 - -- I- -I
85 ... .J . . .......LL mj1)L ... J.. J..Lmni

1 10 102 103  104 10' 106
N.Cycla to 0.02 In. Hole Elongation •r,,v3•

Figure 126L Loaded Hole Fatigue Teal Results for RTD CoadlUona
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The data in Figure 127 is plotted as individual points. Under ETW

conditions, the loaded hole fatigue specimens dried out, resulting in large
life scatter. The data show that for a loaded hole fatigue life of 10,000
cycles, the permissible bearing stress level for IM6/3100 is 79 percent (55
ksi vs 70 ksi) of the stress level for RTD conditions. The value for

IM6/F650 is 75 percent (45 ksi vs 60 ksi).

a) Loaded Hole Fatigue Test Results: R - 10

80 1
E0 IM,

A 1MOIF6.0

0

60- ---- -

Bearing 0OStrese 16O

ksl A A A

20 ..L.L. .LiU .LEL.A .. L..LUWLL

1 10 102 103 104 105o 10

NCyolea to 0.02 In. Hole Elongation

b) Loaded Hole Fatigue Test Results: N - -1

60--

Bearing 00 00
Stres 0
ka A AA

S. . . .. .. .. .. .. ...-. . .- . -... . . .. . iA

1 10 10o20 3 1 10500

N-Cyole to 0.02 in, Hole E.ongation O""W

Figum 127. Loaded Robe Fatigue Teat Resuls for ETW CondlUon*
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4.2.7 Low-Velocity Impact Damage/Residual Compression StrenRth -

Low-velocity impact tests were performed to determine the strength of damaged

bismaleimide panels. The test program is outlined in Figure 128. Impact

tests were performed to determine the maximum energy level that a panel could

sustain without showing signs of surface damage. Tests were performed on

thin panels, less than 0.080 inch thick, to investigate the impact response

of very thin skins. Visible damage tests were performed on thicker panels to

determine the strength degradation due to impacts with energies (not to

exceed 100 ft-lbs.) sufficient to create a 0.1 inch dent.

4.2.7.1 Test Results - The impact specimen configuration is shown in

Figure 129. The 7 inch by 11 inch panels were constrained such that there

was a 5 inch by 5 inch unsupported area as shown in Figure 130. All panels

were impacted with I inch diameter impactor. Prior to impact, the specimen

was instrumented with a strain gage on the back side directly under the

impact site. This gage was used to monitor panel response during impact.

After impact, the panel was instrumented with five strain gages as shown in

Figure 129. Back-to-back pair 1,2 was located adjacent to surface damage.

Two back-to-back pairs (1,2 and 3,4) were used to monitor delamination

buckling response during residual compression strength testing. The single

gage (5) was used to monitor far field panel response.

In addition to strain gaging, instrumentation was provided to measure

acceleration (and hence loads) during impact. Approach and rebound veloci-

ties were measured with optical sensors. Data summarized in Figures 131

through 136 include impact energy, dent depth, and residual compression

strength for the 216 impact tests. More data is presented in the Appendix

volume of this report.

Maximum non-visible damage was defined as a dent depth of approximately

0.01 inch. This damage was discernible under close inspection, but was not

severe enough to be detected during a walk-around inspection of an aircraft.

The data in Figures 131 and 132 show that the energy threshold for non-

visible damage in fiber dominated 50/40/10 laminates is generally one and

one-half to two times as great as the energy threshold for comparable matrix
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dominated 10/80/10 laminates. I613100 had higher energy thresholds for

non-visible damage than IM6/F650. Residual compression strengths of IM6/3100

were also higher than those of IM6/F650.

DpEnvomnt
D ReISWU Strength

Type Thickness Compueslen Tests
RTD N Peh M*W*a

Maximum 10/80/10 0.104 •, 3
Non-Visible 3
Damage 0.208 , 3

,, 3
0.416 , 3

50/40110 0.104 ' 3
,- 3

0.208 , 3
,,. 3

0.416 - 3
___,- 3

Thin LamiWate 0/100/0 0.021 - 3
Damage ,,' 3

0.042 3
I - 3

0.062 , 3

50/0/50 0.021 .- 3

044 30.042 .. ' 3

,- 3
0.062 ,, 3

NO 3
VIs~Ie Oamage 10/80110 0,104 ., 3
(01 In. ODen) 3

0,208 , 3
-, 3

0.416 , 3

50/40/10 0.104 , 3
,- 3
,,, 3

3

TOW Nu~ 1teists PTs•t Ma apial 106
.. .. .Teosi (2 ma ,ui.al.) 216

Flour. 125. Low.VIocity awlacI t Matab
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11.00

a ILoI 90"

tL 0
2.501 1 mpact

site

7.00,'[ h.- 1.0, .

00 Strian CagS (Typ)

Figure 1X. Low.Votoalty kimat Tool Spcilmen kwtumo lo
Resiha Campieslon Strenth TstUng

~. in..

Figute 130. Low.Voeloty Impct Damap TeeS Setup
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Residual
M Impbct Dent Compreslon Strength

Iaterlal Number (in.) Energy Depth (khl)Number 00n (ft4b) (In.) Id Avg

1-12-1 0.114 8 0.005 31.7
IM613100 1-12-2 10180/10 0.114 8 0.005 32.1 31.4

1-12.3 0.114 8 0.005 30.4
1-11.1 0.223 14 0.008 27.7

lM613100 1-11.2 10180/10 0.221 14 0.009 26.8 27.1
1-11-3 0.222 14 0.009 26.8
1-13.1 0.451 17.5123 0.00410.008 29,2

;M8I3100 1.13.2 10180/10 0.452 17.5123 0.00110.007 34.5 30.2

1-13.3 0,450 17.523 0.005M0.010 27.0
1.14.1 0.109 14 0.008 37,1

IM6/3100 1.14.2 ,5040/10 0110 14 0.006 38.5 36.6
.1443 0.100 14 0.006 34.3

1,20.1 0.224 23 0.010 32.7
tM5/3100 1.0.2 50140110 0,224 23 0.011 30.8 31.4

120 0.223 23 0.012 30.7
1,16.1 0.455 42 04012 38.2

IMMI'300 1.15.2 01400 0,453 42 0.012 36.2 38.0
1.1" 0.451 42 01011 3U.S
2.12.1 0,107 a 0`007 23.0

IMBIF650 2.12.2 10180110 0.106 6 0.007 214 22.2
2-1243 0.106 8 0.00" 22.2
S211,1 0.215 7 01009 22.1

IM8IFG.O 2.11.2 10/8810 0.216 7 0,011 22.1 21.8
2-1143 01216 7 0.010 21.2
2.13.1 0.438 20 0.012 22.5

IM8II650 3.132 10/80110 0UM 20 0.010 22.6 2Z3
2.13,3 0(440 20 41013 21.8
2.141 0&11 14 0.00? 32.0

1MOMF 0 2.14.2 50/4010 0.112 14 0.006 26,4 29.4
.21403 0.111 14 0.oo? 2716
2.20-1 0218 10 0,012 28.?

WI6IF650 2-20-2 401410 0.219 10 0.012 28.1 21.0
2-20-3 0.219 10 0.000 26.2
2-15.1 0433 35 0.017 20.3

IM&F650 2-15-2 50140810 0.443 35 0.017 26.5 26.4
2.15-3 0.440 33 0.015 28.4

Fogut 131. MaiimUm Noa.VIAIe a~ Dj" for RTO CoiUoos
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Residual
Specimen Thickness Impact Dent Compression Strength

Material n Layup Energy Depth (kil)
Number (in.) (ft.lb) (in.) Id Avg

1.12-4 0.114 8 0.005 22.9
IM6/3100 1-12-5 10/80110 0.114 8 0.005 22.0 22.7

1-12-6 0.114 8 0.005 23.3

1-11-4 0.222 14 0.009 23.7
IM613100 1-11-5 10/80/10 0.222 14 0.009 21.2 23.1

1-11,6 0.223 14 0.009 24.4

1-13-4 0.449 23 0.006 24.8
IM6/3100 1.13-5 10/80/10 0.454 23 0.004 24.6 25.4

1-13-6 0.454 23 0.006 26.8

1.14-4 0.110 14 0.005 32.6
IM6/3100 1-14-5 50/40/10 0.110 14 0.006 33.0 31.8

1-14-6 0.110 14 0.006 29.9

1-20.4 0.225 23 0.008 25.4
IM6/3100 1.20-5 50140/10 0.223 23 0.012 25.2 25.5

1-20-6 0.223 23 0.012 25.9

1.15-4 0.451 17.5/23 0.006/0.010 28.5
IM6/3100 1-15.5 50/40/10 0.445 17.5/23 0.008/0,010 33.0 28.9

1-15-6 0.448 17.5/23 0.007/0.011 25.2

2.12.4 0.107 6 0.006 17.9
IM6/F650 2.12.5 10/80/10 0.106 6 0.007 17.5 17.4

2-12-6 0.106 6 0.006 16.7

2-11.4 0.216 7 0,011 18.5
IM6/F650 2.11-5 10/80/10 0.216 7 0.011 17.2 17,7

2-11-6 0.216 7 0.011 17.5

2-13.4 0.438 20 0.012 16,5
IM6/F650 2.13.5 10/80/10 0,436 15 0,010 17.1 -

2.13U 0.438 15 0.011 17.5

2.14.4 0.112 14 0.007 24.2
IM6/F650 2.14.5 50/40110 0.111 14 0.006 23.5 23.2

2-14-6 0.112 14 0.006 22.0

2.20.4 0.219 10 0.012 21.6
IM6/F650 2,20.5 50/40/10 0,217 10 0.012 19.1 20.8

2.2046 0.218 10 0.011 21.7

2-15.4 0.441 35 0.016 18.9
IM61F650 2.15.5 50140/M0 0.440 35 0,016 17.8 18.8

2.15-6 0.442 35 0.017 19,7

Figure 132. Maximum Non.Vilsble Damage Data for EtW Conditions
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Impact tests were performed on thin (less than 0.080 inch thick) lamin-

ates to obtain data that would be representative of thin skin structure. All

thin laminate tests were performed with impact energies of 5 ft-lbs. The

data in Figures 133 and 134 show that IM6/3100 retained higher residual

compression strengths than IM6/F650.

Residual

Material Specimen L ThI Impact Dent Compression Strength
Number nOTlCkn.) Energy Depth (kal)

(ft4b) (In.) Ind Avg

1-16.1 0.024 5 0.002 10.9
IM613100 1-16-2 0/10010 0.024 5 0.001 11.5 11.3

1-16-3 0.024 5 0.001 1115
1-12A-1 0.045 5 0.004 17.0

IM613100 1.12A.2 0110010 0.045 5 0.005 17.9 17.2
1-12A-3 0.045 5 0,004 16.6

1-17.1 0.068 5 0.004 20.7
-IMS3100 1.17-2 U/10010 0.068 6 0.004 20.8 21.0

1-17-3 0.069 5 0.004 21.5
1.18.1 0.025 5 0,025 15,5

IM613100 1.18-2 5001 0.025 5 0.030 17.1 17.0
1.18,3 0.025 5 <0.001 18.5
1.14A-1 0.046 5 0.004 23.4

IM613100 1-14A-2 5010150 0,047 5 0.004 23.6 23.5
1.14A.3 0.046 5 0.004 23.5
1-19.1 0.065 5 0.004 24.1

IM613100 1.19.2 5010/50 0.065 5 0.004 28.6 27.2
1-19-3 0.085 5 0,004 289
2-16.1 0.022. 5 0.011 9.1

-IM8F650 2-16.2 01100i0 0.022 5 0.001 9.4 9.2
2.16.3 0.021 5 0.001 9.0
2,12A.1 0.044 5 0.005 13.7

IMS/F650 2.12A.2 0/100W0 0,044 5 0.005 14.6 13.7
2.12A.3 0.043 5 0.004 12.8
2-17.1 0.064 5 0.004 15.8

IMC/FFOW 2-17.2 0110010 0.064 5 0,005 16.5 18,"
2,17-3 0,084 5 0.005 17.3
2,18.1 0,023 5 <0,001 11.3

-IM8F650 2.18,2 50/0/50 0.023 5 <0.001 11.0 113
2.18,3 0.022 5 <0.001 11.5
2414A.1 0.043 5 0.005 20.3

IM61F50 2.14A.2 sum 0,044 5 0.004 20.7 20.6
2.14A-3 0.044 5 0.005 20.7
2-19.1 0.063 5 0,004 18.2

IMS/FO6, 2.19.2 5010150 04064 5 0.005 19.2 20.1
_--- 2.19-3 0.064 5 0.005 24.6

ON414S*.•

Figure 1M3. Thin L naht 0anmags Data for RTD Conitons
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Residual
Specimen Thickness ImpaC, Dent Compression Strength

Material Nb Layup On) Energy Depth (kls)
u r(ftb) On.) Ind Avg

1-16.4 0.024 5 < 0.001 8.9
IM613100 1-16-5 0/10010 0.025 5 <0.001 9.3 9.0

1-16-6 0.024 5 0.001 8.8

1-12A-4 0.044 5 0.004 12.3
IM6i3100 1.12A-5 0)100/0 0.045 5 0.004 12.5 12.1

1-12A-6 0.045 5 0.003 11.6

1.17-4 0.069 5 0.004 13.3
IM6J3100 1-17-5 0/100/0 0.069 5 0.004 12.1 12.2

1.17-6 0.069 5 0.004 11.2

1-18-4 0,025 5 0.020 16.3
IM613100 1.18-5 50/0/50 0.025 5 <0.001 20.5 18.8

1.18-6 0.025 5 0.002 19.6

1-14A-4 0.046 5 0.004 27V2
IM613100 1-14A-5 50/0/50 0.047 5 0.003 24.5 23.5

1.14A-6 0.046 5 0.004 26.4

1.19.4 0,066 6 0.004 20.5
I.M613100 1.19-5 50/0/50 0.065 5 0.004 18.7 17.6

1.19-6 0.066 5 0.004 13.7

2-18.4 0,021 5 0.001 6.1
IM6/F650 2-16.5 0/100/0 0.022 5 0.001 6.1 6.8

2-1686 0.021 5 0,001 8.1

2.12A.4 0.043 5 0,004 9.3
IM6IF650 2.12A.5 0/1000 0.044 5 0.004 9.1 9.4

2.12A.6 0,043 5 0.004 9.9

2.17.4 0.063 5 0.005 9.2
IMSF650 2-17.5 0/10010 0.065 5 0.005 10.3 9.7

2-17.6 0,084 5 0.005 9.7
2-18.4 0,022 6 0.015 10.6

IMT1F650 2.18-5 50A0W50 0.022 6 0.015 11.7 11.8
2.184 0,022 5 0,010 12.5

2.14A.4 0,044 5 0.005 18.9
IMO/F650 2.14A.5 50/50 0.044 5 0.004 20,0 20.2

2.14A-6 0.043 5 0.005 21.7

2.19.4 0.062 5 0.0i04 16.0
IMMS/F8SO 2.195 5010)50 0.062 5 0.004 14.4 15.7

2.19.6 0,062 5 0.004 16.6

OFU40U14t

Figure 134. ThIn Lainate Damage Data for ETW Conditlons
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The final category of impact testing was visible damage. In this set of

tests, panels were impacted with energy sufficient to cause a 0.1 inch dent,

but not exceeding 100 ft-lbs. The data in Figures 135 and 136 show that

under similar impact conditions both IM6/3100 and IM6/F650 exhibited similar

dent depths. The residual compression strength of IM6/3100 was superior to

IM6/F650 for all cases.

Residual
Specimen Thickness Impact Dent Compression Strength

Material Numeir Layup (in) Energy Depth (kal)
(ft4b) (in.)

Ind Avg

1-12-7 0.115 60 0.145 17.4
IM6/3100 1-12-8 10180/10 0.113 60 0.200 20.1 -

1-12-9 0.115 45 0.112 19.6
1-11.7 0.223 10W 0.080 15.4

IM613100 1-11-8 10/80/10 0.222 100 0.083 16.3 16.0
1-11-9 0.223 100 0.091 16.4

1-13-7 0.450 100 0.016 19.4
IM6/3100 1.13-8 10180110 0.448 100 0.017 20,2 20.0

1.13.9 0.451 100 0.018 20.3

1-14-7 0.110 45 0.120 27.3
IM613100 1-14.8 50/40/10 0.110 45 0.100 29.8 28.4

1.14-9 0,110 45 0.118 28.1
1.20.7 0.223 100 0.087 21.8

IM6/3100 1-2048 50/40110 0.224 100 0.103 23.0 22.3
1.20.9 0.224 100 0.110 22.1
1-15.7 0.453 100 0.020 28.6

IM6/3100 1-15.8 50140/10 0.452 100 0.018 27.3 27.9
1.15&9 0,449 100 0.021 27.9

2-12.7 0.107 65 0.110 10.8
IM6/F550 2.12.8 10/80/10 0.106 55 0,095 11.2 10.6

2.12.9 0.107 55 0.096 9.9
2-11.7 0.216 100 0.049 9.8

IMB/F650 2-1148 10/80110 0.216 100 0.078 10.3 10.7
2-11.9 0.216 100 0.072 12.0

2-13,7 0.436 100 0.028 13.9
IMO/F650 2-13.8 1080/10 0.437 100 0.030 14.0 14.1

2-13.9 0.440 100 0.021 14.4
2-14.7 0.111 45 0.105 19.9

IMO/F550 2.1448 50/40/10 0.112 45 0.090 18.8 20.7
2-14.9 0.112 45 0.085 23.4

2.20.7 0.218 100 0.049 16.9
IM6/F550 2-20-8 50/40/10 0,219 100 0.040 18.0 17.4

2-20.9 0.220 100 0.087 17.3
2-15-7 0.441 100 0.027 20.0

IMBIF650 2-15.8 50/40110 0.439 100 0.030 19.8 20.1
2-15.9 0.440 100 0.030 20.4

GP?34"10"s

Figure 135. Viaible Damage Data for RTD Conditon.
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Residual
Specim Thickness Impact Dent Compression Strength

Material men Layup Energy Depth (ksl)Number in.) (ft.lb) on.) Ind Avg

1-12-10 0.114 100 Hole 14.2
IM6/3100 1.12.11 10/80110 0.114 s0 0.130 14.5 -

1-12-12 0.114 60 0.130 14.4

1.11-10 0.222 100 0.093 13.6
IM613100 1-11-11 10/80110 0.223 100 0.096 15.0 14.4

1.11-12 0.223 100 0.091 14.7

1-13-10 0.452 100 0.019 15.5
IM6/3100 1-13-11 10/80/10 0.452 100 0.015 15.8 15.4

1-13-12 0.452 100 0.017 14.9
1-14-10 0.109 45 0.101 20.9

IM613100 1.14.11 50140110 0.109 45 0.120 21.8 23.0
1-14.12 0.109 45 0.122 26.3
1.20-10 0.222 100 0.094 22.4

IM6/3100 1.20-11 50140/10 0.225 100 0.090 18.1 18.9
1-20-12 0.224 100 0.088 16.2
1.15.10 0A54 100 0.020 22.2

IM6i3100 1.15-11 50140/10 0.452 100 0.020 21.7 22.7
1.15.12 0.448 100 0,021 24.3

2.12.10 0.107 100 Hole 10.2
IM68F650 2.12,11 10/80110 0.106 45/45 0.07/0.110 9.2 -

2.12.12 0.106 45/45 0.080/0.130 11.0
2.11-10 0.215 100 0.047 10.1

IM6/F650 2.11.11 1018010 0.217 100 0.045 9,4 9.1
2-11.12 0.216 100 0.065 7.9

2.13.10 0.437 100 0.026 10.9
IMBIF650 2.13.11 10/80110 0.431 100 0.027 11,8 11.2

2.13.12 0.438 100 0,029 11.0
2.14.10 0.111 45 0.085 18.7

IM6/F650 2.14.11 50/40/10 0,110 45 0.086 17.3 17.1
2.14.12 0.110 45 0.083 15,3

2.20-10 0.218 100 0.045 15.1
IM8/F650 2.20-11 50/40/10 0.217 100 0.077 14.1 14.8

2.20-12 0,216 100 0.052 14.2

2.15.10 0.440 100 0.027 15.6
IMBIF650 2.15.11 50140/10 0.438 100 0.028 15.5 15.7

2.15.12 0.438 100 0.027 18.1

0fl3t4m41,*

Figure 138. Vistble Damage Data foa ETW Conditions
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Figures 137 and 138 summarize the residual compression strengths of both

material systems. In each figure, the maximum strength shown is the RTD

unnotched strength. For 10/80/10 and 50/40/10 laminates the impact damage

degradation is greater than environmental (ETW) degradation. Figure 138 shows

that both non-visible and visible impact damage degradation is greater than

the combination of environmental (ETW) and notched degradation; notched data

was available from testing in this program only for 50/40/10 laminates.

80
Mkmn :40 PMn Legend:

70 70.3 = 0.208 In., NomIinaly ' Unnotched
61.1EW

60 • Non.visible
54.2 - Visible

50 459

Strength
ksi 40

30 27.1

21.8
20 16.0

10.7
10

011D310 IIFOO

FIgure 137. Resdual Compi•"ulon Strength in 10/80110 LInateg

200

180

160 - E TW

140 - 137.1 •j NurWlomdw
123.4 - Non.vWia ,I

120 0 13
Strenglh !73t0.

k•100

s0 -75.6

60
45,2 46.4

40 4 27-0

20 22.3

0

Figure 13L Resdue CcmrveeO1WSfntWh In 501011 LaiWWt.
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SECTION 5.

TASK IV: STRUCTURAL ELEMENT DESIGN AND TESTING

5.1 Summary and Conclusions - In the earlier Tasks, the better bismaleimide

composite was determined to be IM6/3100. This material was used to fabricate

eight stiffened panels *for static and fatigue testing. Four of the eight

panels were impacted in three locations. Impact energies were sufficient to

cause non-visible damage with surface dent depths of less than 0.01 inch.

Static test results showed that the non-visible impact damage reduced

RTD compression strength to 74 percent of the undamaged- RTD compression

strength. Exposing a wet (0.71 percent moisture content) undamaged panel to

elevated temperature (360 0 F) reduced the compression str.-.ngth to 72 percent

of the undamaged RTD compression strength. Impacting A panel, moisturizing

it to 0.71 percent moisture content and testing it at 360*F reduced the

compression strength to 56 percent of the undamaged XTD compression strength.

Fatigue test results showed that the non-visible impact damage did not

grow significantly during fatigue cycling. This was illustrated by A-scans

of damage area and strain gage data recorded between fatigue blocks. The

lack of significant growth during fatigue cycles correlated with the crack

growth data collected during Task II fracture toughness fatigue testing.

That data showed that crack growth curves for IM6/3100 Mode I, mixed mode,

and Mode 1I testing were steep. The threshold energy level was nearly equal

to the critical energy level, indicatin3 that delamination growth would not

occur until critical energy levels were develored, This behavior was appar-

ent as damaged fatigue panels faiied dutring increamns in maximum fatigue

loads, during strain surveys between fatigue cycle blocks.

5.2 Bismaleimide MateriaX lelection -. Basld on test results from Task II and

III, IM6/3100 was selected as the material for pawel fabrication and testing

in. Task IV. Moisture '&bsorption and glass transition temperature testing

indicated that IM6/F650 would have 501F wre hot/wet temperature capability

than I46/3100. Testing both materials under this assumption has shown that

IM6/3100 is superior to IN6/P650. The advantage of higher temperature capa-

bility attributed to 1H6/F650 urs not realized.

S12•,



The resistance to microcracking due to thermal spiking was greater for

IM6/3100 than for IM6/F650. Dry laminates for both material systems showed

no resin microcracks after thermal spiking. Wet IM6/3100 laminates also

showed no resin microcracks. In contrast, wet IM6/F650 laminates did show

microcracks after thermal spiking.

Lamina mechanical properties of IM6/3100 at room temperature dry (RTD)

and cold temperature dry (CTD) conditions were generally superior to

IM6/F650. Under elevated temperature wet (ETW) conditions the IM6/3100

material system suffered less degradation than the IM6/F650 system. The

IM6/3100 retained 51 percent of RTD 0* compression strength and IM6/F650

retained only 42 percent. The IM6/3100 retained 84 percent of RTD intra-

laminar shear strength and IM6/F650 retained only 59 percent.

The fracture toughness of IM6/3100 was superior to IM6/F650. Under CTD

and RTD conditions IM6/3100 was approximately 1.5 times as tough as IM6/F650.

Under ETW conditions the IM6/3100 toughness increased and the IM6/F650

toughness decreased resulting in an IM6/31&3 toughness that was more than 2

times greater than IM6/F650.

Laminate property tests have shown that the superiority of IM6/3100

lamina properties has translated into superior laminate properties. The CTD

unnotched tension strength of fiber dominated IM6/3100 laminates was 13

percent greater than that of IM6/F650. The RTD unnotched tension strength of

IM6/3100 was 5 percent greater than that of MOW6/650.

The CTD unloaded hole compression strength of fiber dominated XM6/3100

laminates was 6 percent greater than that of MOW6/650. The RTD unloaded hole

compression strength of IM6/3100 was 9 percent greater than that of IM6/F650.

The superiority of IM6/3100 in this case has translated into improved fatigue

capability and durability which has been observed during unloaded hole

fatigue tests.

Low-velocity impact damage test results also showed the superiority of

IM6/3100 to IM6/F650. Data from non-visible, thin laminate, and visible

damage tests of fiber dominated laminates and matrix dominated laminates
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showed that the residual compression strength of IM6/3100 was between 30

percent and 50 percent higher than that of IM6/F650.

5.3 Testing and Evaluation - Eight tests to evaluate the effect of low

velocity impact damage were performed. Four static tests determined residual

compression strength of impacted panels. Four fatigue tests determined

residual life of impacted panels.

5.3.1 Panel Fabrication - The eight panels fabricated for Task IV

testing were multibay and incorporated both longitudinal and transverse

integral stiffeners as shown in Figure 139. Longitudinal stiffening simula-

ting fuselage longerons was provided by integral hat stiffeners layed up as

shown in Figure 140, at 6.5 inch centers. Transverse stiffening representing

fuselage frames was provided by blade stiffeners layed up as shown in Figure

141, with 16 inch spacing. The skin bays were matrix dominated with a layup

of (+45, -45, 0, 90, 0, -45, +45). The outer two +45* plies were cloth and

the inner five plies were tape.

25.0

-IZ"

1.4 1 .0 (O 5- __ .

A A

Sedan 0-8 B
16.,

Olrnnaion Amei In Wh 7

Sedton A-A

Flmw139 TWA" Cf•guglon
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To stabilize the panels during longitudinal compression loading, the

panels had end plates bonded onto the loading ends prior to testing.

5.3.2 Test Matrix - Eight panels were tested according to the test

matrix in Figure 142. Static compression testing was conducted at two

environmental conditions, RTD and ETW. One undamaged and one damaged panel

was tested in each of the two environments to determine the strength reduc-

tion due to low velocity impact damage. Static testing was performed in a

100,000 lb. MTS machine. The test set up is shown in Figure 143.

Fatigue tests were conducted under constant amplitude (R - 10) compres-

sion loading at RTD conditions. Two undamaged and two damaged panels were
tested to determine the life reduction due to low velocity impact damage.

Each fatigue test was performed in blocks of 1,250 cycles with bach block run

at an increased load level to insure failure in the range of 1,000 to 10,000

cycles. The fatigue block load levels are sumarized in Figure 144. The

schedule in Figure 144 was determined by considering initial buckling of the

undamaged static specimen, ultimate failure of the undamaged static specimen,

and ultimate failure of the damaged static specimen. Initial buckling

occurred at approximately 50 percent of the undamaged ultimate load. Failure

of the damaged panel eccurred at 74 percent of the undamaged ultimate load.

After each block of cycling, A-scans of impact damaged areas were performed

to document impact damage growth. Fatigue testing was also performed in a

100,000 lb. HTS machine.

Pane Lodki Eswkwv

Nufter sutai Faticue orY Law aln
? X X Undamaged
6 X X Damaoed

8 X X Undamlaged
X X Damiaged

2 and 4 X X Undamaged
3and8 X X Damaed

Figure 142. T&Ak IV Tea Maldx
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Figure 143. Panel Test Setup
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Block Pl % statc
Number y)k U(kndamaged Strength

1 1,250 16.1 45

2 1,250 19.6 55
3 1,250 23.2 65
4 1,250 26.8 75

5 1,250 32.1 90

LOW MHO. R =-! = 10 (COMPNeWn 0*)
Pm"'

CyCle frequhh4y =1 Hz
S4ltic undamaqed ultimate lOad =35.7 kip$
SaIC famawed ullua, load= & kwe

Figure 144. RTO Fatigue Teot Schedule

5.3.3 Environmntal Cond~tioni~n - Panels tested at the ETW condition

were. preconditioned to a moisture content of 0.71 percent by weight. The

moisture level was predicted in Task II to be the end-of-life moisture

content of an F-15 wing skin exposed to a 20 year basing scenario.

In Task IN, glass transition temperature (T ) tests determined that an

IM6/3100 laminate with a moisture content of 0.71 percent had a T of 40801.

With a buffer of 50"?, the temperature for 1I6/3100 ENW tests was 3601F. For
environmental tests, an enclosing manifold was placed around the panel so

that a controlled temperature wes maintained during the test. The test setup

with environmental chamber is shown in Figure 145.

5.3.4 Introduction of Impact DLysuae - Lou velocity impact damage was

induced on the outer mold line of four pinals at three critical locations as

shown in Figure 146. These locations were selected in order to investigate

impact damage effects on thick structure (stiffener land) thin structure

(skin bay), and transitional structure (stiffener-to-skin taper). The energy

levels used for introducing impact daMqae into the panels were sufficient to

create nonvisible damage (approximately 0.01 inch surface dent). This test

program simulated the scenario In which fuselage sttuctutri is subjected to

damage from debris kicked up during takeoff and landing but the damage is not

severe enough to be visible during walk-around inspection.
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Figure 145. Environrnental Chamber tot ETW TesI$
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7ft-lbsI- __

8.5 14ft-bs

Figure 146. Outer Mold Une Impact Locations and Eery -Levela

5.3.5 Data Analysis (Static) - The panel design includes longitudinal

stiffeners that were sized to carry a majority of the compression loading.

As a result, the failure mode of the panels was stiffener crippling accom-

panied by stiffener separation as shown in Figure 147. Ultimate loads for

the four statlc tests are summarized in Figure 148. In order to predict

panel compression strength, the hat stiffener crippling strength was calcu-

lated. Because the slenderness ratio, L'/p, of the stiffener section was

greater than 20, column behavior was accounted for and a correction to the

predicted crippling strength was made using the Johnson-Euler equation. The

damaged panel compression strength was predicted by accounting for the degree

of delamination of the stiffener from the skin. In the case of impact

damaged panels, A-scans of damage area derermined the de8ree of stiffener

delamination.
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Figure 147. Stiffened Panel Failure 'acluding
Stiffener Crippling and Senaration
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impact Ultimate % RTnD
Panel Environment Damage Load Undamaged

Number Condition (kips) Load

7 RTD Undamaged 35.7 100

6 RTD Damaged 28.5 74

5 ETW Undamaged 25.7 72

1 ETW Damaged 20.1 56

OPI3.0a".T

Figure 148. Ultimate Loads for Static Panel Tests

The hat stiffener crippling strength was caiculated using a technique

developed at MCAIR. The calculation involves the summation of crippling

strengths of elements contributing to the total stiffener crippling strength.

The summation equation has the form,

n
Ecc Fi Fcc Ai

n
i l Ai

where Fcc a section crippling strength

F cc element crippling strength

n a number of elements

A a element area

Element crippling strengths were determined from crippling curves shown in

Figure 149. The curves are for no-edge-free and one-edge-free elements. The

crippling calculations are tabulated in Figure 150 for RTD and ETW condi-

tions. In both cases, the hat stiffener was modeled with 6 elements. Lamin-

ato properties (EW, Ey, and pcu) were calculated using lamina propertiesx y X
Jetermined in Task II. E was determined by the equation:

-*12 (0 -X V, YK) D11E m _ _ _ _ __ _ _ _

t 3

where

vxy, Vyx - laminate Poisson's ratios

DII flexibility term from laminate "ABD" matrix

t a laminate thickness
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RTO Crippling Analysis

leet b t Fou E*, E' E b r F E Fcc Pet,= Element(in.) (in.) (ksi) (mid) (0111)(mid) T-/" -• " (i) lb

1 0.50 0.0836 66.5 6.14 7.98 6.04 0.57 0.88 57.6 2,410
2 1.50 0.0992 62.9 5.80 10.66 5.78 1.35 0.64 40.1 5,970
3 0.50 0.0836 66.5 6.14 7.98 6.04 0.57 0.88 57.6 2,410
4 1.26 0.0384 88.8 8.23 4.07 5.39 2.66 0,37 21.5 1,040
5 1.26 0.0384 88.8 8.23 4.07 5.39 2.66 0.37 21.5 1,040
6 1.15 0.0904 177.7 16.44 3.00 11.26 1.38 0.62 75.5 7,850

Total Area- 0.433 In.2  Total- 20,720

E"W Crippling Analysis

Element (In.) (,.) (ksl) (ml)< mid) ( T E )-b (ki) (Ib)

1 0.50 0,0836 29.3 5.61 7.66 5.43 0.39 1.00 28.4 1,190
2 1.50 0.0992 27.8 5.34 10.64 5.29 0.91 0.88 24.2 3,600
3 0.50 0.0836 29.3 5.61 7,66 5.43 0.39 1.00 28.4 1,190
4 1.26 0.0384 39.7 7.64 3.39 4.72 1.79 0.51 12.5 600
5 1.26 0.0384 39,7 7.64 3,39 4.72 1,79 0.51 12.5 600
6 1,15 0.0904 87.9 16,91 2,26 11.23 1.01 0.81 47,3 4,920

Total Area-0,433 In.2  Total- 12,100

Flgue 160. RTD and ETW Cdppllng Analyses of Hat Stillensr
Modeled With 0 Elements
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Corrections for column behavior were calculated with the Johnson-Euler

Equation:

Fc = Fcc - (FCC) 2  (L'/p) 2

41T2 E

where

Fc = stiffener failing strength

Fcc = stiffener crippling strength

E = average stiffener modulus

L' = L/1.5 = effective stiffener length (assuming fixity (1.5) is

half way between simply supported (1) and clamped (2)).

p = radius of gyration

L'/p - slenderness ratio

The results of the calculations are tabulated in Figure 151 for RTD and

ETW conditions.

Fcc E L 'Pe
(kW) (mu) (kel) (kips)

RTO 47.8 8.23 26.3 42,9 1W.6

-TW 27.8 7.04 26.2 20,1 11.3
Total Area =0.433 In.2

FO = F" - ((Fcc)2•4 w2E] (LIp)2
0PP4t 10I444

Figure 161. Column Strength CorreoUon Results

Under RTD conditions, the undamaged stiffener failing load was predicted

to be 18,580 lbs. The total failing load for 2 stiffeners is 37,160 lbs.

This prediction was 4 percent higher than the actual failing load of 35.700

lbs. The damaged panel failing load was predicted to be 23,970 lbs. by

assuming elements 1. 2. and 3 of one stiffener and element 1 of the other

stiffener did not contribute to the strength. This assumption was made based

on A-scans of impact damage prior to compression testing. Figure 152 shows

the damage area that was located across the width (flange-to-flange) of the

left hat stiffener and over only one flange of the right hat stiffener. This

prediction was 10 percent lower than the actual failing load of 26,500 lbs.
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Figure 152. Impact Daamage Reforenced to Longitudinal Hat Stilfeners

Similar calculations wore made for LIN tests of damaged and undamaged
panels. The undamaged panel ultimate load prediction of" 22.610 lbs. was 12
percent lower thatt the actual failing load of 25.700 lbs. The predicted
damaged panel failing load of 15.440 lbs. was 23 percent lower than the
actual failing load of 20.100 lbs. Those rusults are summarized in Flgure

153.
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50 RTD I ETW

40ED Test

3O 37.2 -" Prediction

Failing 30 26.5 25.7
Load 24.0 22.6 20.
(kips) 20 20.1

,,. , '/.• . • •/15.4

10-ý

F.gur 153.C a lpFll Load P Fedictiongfor Undamage WrsDae Panels

5.3.6 Data Analysi,s (Fatigue) - As shown in Figure 144, fatigue testing

was performed in blocks of 1,250 cycles. The first fatigue block was run at

45 percent of the undamaged ultimate load. The next three blocks were run at

increasing increments of 10 percent up to 75 percent of the undamaged ulti-

mate load. In the case of panel 04, a fifth block was started at 90 percent

of the undamaged ultimate load. Fatigue lives for the four fatigue panels

are summarized in Figure 154.

Panel kmpact Damsge Cycles to comment

Number Condition FaIlure

2 Undamaged 3.426 Failed 926 cycles Into
3rd Fatigue Stock With
Maximum Load of 23.2 kips
(65% of Ultimatet

4 Undamaged 6,174 Failed 174 cycles into
5th Fatigue Block With
Maximum Load of 32.1 kips
(90% of Ultimate)

3 Damaged 3,750 Failed at 25.3 kips Outing
the 4th Strain Survey to
26.8 kips (75% of Ultimate)

8 DOmaged 2500 Failed at 22.8 kips During
the 3rd Strain Survey to
23.2 kips (65% of Ultimate)

Figute 154. Panel FaUgue Test Results



Between cycle blocks, all the panels were strain surveyed in order to

monitor changes in panel response due to fatigue. Gages were mounted on the

panels as shown in Figure 155. All odd numbered gages were located on the
outer mold line. All even numbered gages were located on the inner mold

line.

12.5

12.5--

7 6 6,7 "'

17.0
-89 10,11

3 03
1 2 1,2

FIgure 185. Strain Gage Locations

In addition to being strain surveyed, impact damaged panels (Numbers 3

avd 8) were A-scanned between cycle blocks to determine impact damage growth

due to fatigue. Figures 156 and 157 show damage histories for Panel 3 and 8

respectively. Figures 156 and 157 show that the impact daoage was located

such that back-to-back gage pairs 1,2 and 4,5 were on or near delamination

edges. Back-to-back gages 6,7 were closer to the canter of a delamination.

The figures also show that there was very little damage growth in Panel 3 and

no damage growth in Panel 8 prior to failure. This behavior correlates with

crack growth data from Task II. That data showed that the crack growth

curves for both bismaleimides were steep, with the growth threshold nearly

equal to the critical strain energy release rate.
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Strain survey data also indicated that there was little change in the

panel damage state prior to failure. Figures 158 through 160 show the strain

surveys for each of the three back-to-back gage pairs (1,2 4,5 6,7) on Panel

1. The strain response of the panels was consistent from survey to survey.

Slight deviations were evident for final surveys in which failure did occur.

Note that the surveys in Figures 158 and 159 show less divergence than that

in Figure 160. This can be explained by the fact that gages 6 and 7 (data in

Figure 160) were located in the middle of a delamination where local buckling

occurred and gage pairs 1,2 and 4,5 (data in Figures 158 and 159) were

located at a delamination edge where buckling did not occur.

Panel No. 3 Strain Surveys
30 Gages I and 2

25 -M.4 . -

13 Gage No. I Intall sumey A 04Gag No. 2 Inlt11lsrvy
0 Gage No, I 2nd;urotwy 0 Gag. No.2 20s awmy

20 0.M U No. ¶3jd wfy Z ONo.2 3rod Avty
20WI -X Gag No. I 4th inwY OW "ap N.0h GUROY

Load 15 - ---

(kips) F-

10

0: -.-.... . .-... - -, .. ...

0 0.001 o.02 0.003 0.04 0.005 0.006 01001 006
Strain (InJln)

FIPg 158. St& a n Smuveys ol Str" Ga" I and 2 of Panl No. 3
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Panel No. 3 Strain Surveys
Gages 4 and 5
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Figure 159. Strain Surveys of Strain Gges 4 and 5 of Panel No. 3
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Panel 8 exhibited similar behavior. Figures 161 through 163 show the

strain surveys for back-to-back pairs 1,2 4,5 and 6,7 on Panel 8. Again the

surveys illustrate consistent behavior until slight deviations occur during

the final survey. Also, buckling behavior was exhibited at gage pair 6,7 and

not at pairs 1,2 and 4,5.

Panel No. 0 Strain Surveys
30_Gag.. laInd 2

251

0 -
e

Load as!
15 - -~-.---

(kips) { 0

10•

0 L N. L1 iM4V U oý23 U
0 00! 0.02 O0.03 0.004 O.W 0.006 0.007 0.008

Filuwo 161. Slialt Suvyes of Strain G40. II and 20o9 Panel No. 8
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5.3.7 Discussion of Results - Static and fatigue test results are

summarized in Figure 164. Static results show that the crippling/column

analyses produced conservative predictions for all cases except the undamaged

RTD test, where the analysis was unconservative by 4 percent. When either

damage or ETW conditions were involved, the analysis was conservative by

approximately 10 percent. When both damage and ETW conditions were involved

the analysis was conservative by approximately 30 percent. The analysis was

reasonably accurate except in the damage/ETW case. Apparently the crippling/

column analysis was not rigorous enough to correctly account for both impact

damage and ETW conditions.

Static Results

Ultimate Load (kips) % Test.Predicted
Damage En'ronment Predicted Test Prediction

No RTD 37.2 35.7 -4

Yes RTD 24.0 26.5 +10
No ETW 22.6 25.7 +14
Yes ETW 15.4 20.1 + 31

Fatigue Results

Peak Load % of Ultimate
Damage at Failure (Ultimate = 35.7 kips)

(kips)

No 23.2 65
No 32.1 90
Yes 26.8 75 (100% Damaged Ultimate)
Yes 23.2 65 (87% Damaged Ultimate)

Figure 184. Summary of Static and Fatigue Results

Fatigue results show that, except for one case. the panels survived

.until peak loads were increased to approximately 90 percent of the undamaged

ultimate load (or 90 percent of the damaged ultimate load in the case of

damaged panels). The exception where an undamaged panel failed at peak loads

of 65 percent of the ultimate load was noteworthy. The behavior reinforces

questions of the reliability of cocured structure. The failure at 65 percent

of ultimate may be a result of imperfect bonding of cocured stiffeners.

Before cocured structures can be effective, more work must be done to develop

effective analyses to determine the translaminar capability of composite

laminates with cocured elements.
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SECTION 6.

CONCLUSIONS AND RECOMMENDATIONS

In this program a large data base of material properties was developed

for two second generation bismaleimide composite systems. The test program

sufficiently defined the materials, and existing analytical techniques proved

to be as effective for bismaleimide matrix composites as they were for epoxy

matrix composites.

IM6/3±00 was found to be tougher than IM6/F650. IM6/3100 exhibited

toughness as great as the toughness of the baseline epexy system ASl/3501-6.

Under similar conditions, impact damage in panels made with 3100 resin has

been shown to be similar to damage in panels made with 3501-6 resin. While

the test procedures used to determine toughness and impact damage response

were effective, there is still a need for an effective analytical tool with

which to predict impact damage response. It is expected that the toughness

and instrumented impact data presented in this program will serve as a basis

for the development of empirical and, eventually. analytical methods in the

future.

The similarity in impact damage characteristics of epoxy and the second

generation bismaleimide IM6/3100 indicates that damage tolerance requirements

applicable to epoxy systems would also be applicable to IM6/3100. The sim-

ilarity in impact damage performance is a reflection of the improvements in

toughiieos that have been made in second generation bismaleimides compared to

first generation bismaleimides such as V378A. At the start of this program,

Amer.can Cyanamid's 3100 BMI resin was the toughest, most readily available

candidate for evaluation. Since tImn, further improvements have been made in

botih IIs and epoxias -resulting in tougher systems than 3100 or 3501-6. As

systehis continue to evolve, the applicability of the draft Air Force dura-

bility and damage tolerance desigit reqstirements for composite aircraft

structures must be investigated.
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